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PREFACE

This book is essentially a compilation of the author's twenty years of ex-
* lperience, study, and observations as a member of Lhe staff of the Navy Under-

water Sound Reference Laboratory. This organization has specialized in
underwater electroacoustic measurements since its establishment in 1941 as a
part of the Columbia University Division of War Research. It became the Navy
Underwater Sound Reference Laboratory in 1945 and the Underwater Sound
Reference Division of the Naval Research Laboratory in 1966.

Hopefully, the book will provide a useful reference to the many naval and
naval contractor personnel who work in sonar and other aspects of underwater
electroacoustics, and to scientists, engineers, and technicians everywhere who
use underwater sound transducers in marine science and technology.

The author is indebted to John M. Taylor, Jr. for his considerable help in
reviewing and editing the whole manuscript, and to W, J. Trott, C. C. Sims,

,w -D. T. Hawley. 1. D. Groves, Jr., G. A. Sabin, R. E. Ford, H. Dennis. W. L.
Paiae, and W. S. Cramer for reviewing selected chapters.

Orlando. Flo.'ta
"-,e 1969 ROERT I. BoBER
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Chapter I

INTRODUCTION

1.1 Purpose

As man explores and uses the ocean depthswhether for military, commercial.
or scientific purposes, he faces sensor. and communiation pxlWes unlike
those met in any other environment. The mediwmi is hostile to man and equip-
ment. It is essentially opaque to visible light, infrared, radio, radar-to all the
familiar forms of electromagnetic radiation used for sensing and communicating
in the atmosphere and in space, li cause acoustic signals are, and probably will
remain, tho only feasible general method of trannitting information with waves
through water at distances beyond a few yards, electroccoustic trans4iucrs are
the ondy practicable mans for sensing undo.water W'unds, and, hi most cases,

*.- foi producing them as controlled signals.
The electrical and woustical n q il~nts described in tis book ar those

required to c aibrate, test, or evaluate an underwater electroacoustic transducer
and to enable one, indirectly, to produce or detect and momifr an underwater
acoustic signal, uwaly in terms of its acoustic pressure. TheM meaUemeats
Will be referred to collectively as underater lectoaeoustic tneawiement,

A4pplicutions in naval sotnar systpms for naviption, cannmuniatlon, and target
l.cation hakv prtided the major need mid itnetust for the dev ldopmct of
undetwater eteitricuotk Oleirenmionts; however, applied Sonics iq liqui for

*. id putl~iwt as ultuonic tletapy And wemrng, delay inei, md flow meles,
' have had a vole in this dev'loprnent, Move rcrntly, Ite butgeoning intorest
in soeeanogvaphy and marine scienoei h3s givn added bpotta ce to uadefrater
" Usie-s and elcetm oi as icnfi i and cliniillou ool As ngh him-
ll!- penetat deqet into t w mid Woil to fr hoo.l( of enuitiwhi tR

tr"IligAl cblefs, dmlOaUdostw " rtitti, see ?.S hi ca-, e iy s A, and 1Ws
, ,+ + OCA ApltitiiUi,

Araowilis, paitkulatly unddiwatcr Aeoutwes, 1i not a ve fy pietis szience.
S Tin. ic++otid si~iilt]aiit firill wic a iiiieasiiur t U aiall I itt W doibt and t third

u1-li9v intanmrigkd. wA,,U ics ii dli tot abomtt l_*IWZ ttiwii aniptltude)
Sai squite ace+.plabib n ht nott +imcunistine., At lt pirt of thd rstea 'so thns
Ii 1ime ifiribdila of the Medium and the ufifivdAbd duvirnoienIt tim WIMih tthe

" "i lVt"Oio stii i " qwatsmik t re. 1ium Uwtdel ine wCtW1tWl d VmAiOnt l

," I

L.



2 INTRODUCTION

that can be achieved only on a laboratory bench, water is not the simple,
stable, homogeneous, quiet, and harmless medium that the layman imagines.
The effects of tperature, hydrostatic pressure, dssolved saltsand gases, marine

life, pollutants, bubbles, weather, and boundary conditions are the bane ofll
who attempt scientific measurements in the ocean. Indeed, the phycl chem-
istry of water itself is poorly understood. 1-3 Designing underwater instruments
suitable for long-term immersion is as yet a young technology.

Water is much more dense and much less compliant than air. Its character-
istic impedance is about 3,500 times that of air. These characteristics, plus the
instability and hostility of an extended water medium, make the techniques for
electroacoustic measurements underwater quite different from those used in air.

Other well-known books4-15 and referencesl 6 treat the science and technology
of electroacoustic measurements, but only to a very limited extent or only
for air acoustics. It is the author's purpose here to provide a comprehensive
survey of the theory and practice of underwater electroacoustic measurements.
The only previous literature in this specialized field is the well-known, but now
obsolete, "red books" of World War 11.17-20

1.2 A Little History

The history of the science and technology of calibrating underwater electro-
acoustic transducers begins about 1941. Before that time, interest and activity
in this field was very sparse. A few scientists, mostiy in foreign countries, 21-25
had experimented with methods of measuring sound pressure in fluids, but
their methods were very complicated and of little practical use outside of a re-
search laboratory. Calibration methods for air microphones had been developed,
but these methods were not feasible for underwater measurements and were
limited to audio frequencies. In 1941, on the eve of the United States participa-
tion in World War II, the U.S. Navy's capability for calibrating sonar transducers
was negligible.

The Office of Scientific Research and Development, recognizing the paucity
of research in this area, entered into a contract with the Bell Telephone Labora-
tories (BTL) in July 1941 and with the Columbia University Division of War Re-
search (CUDWR) in March 1942 for the establishment of the Underwater Sound
Reference Laboratories (USRL). BTL was to supply measurement Instrumenta
tion and systems; CUDWR was to operate the laboratories, do research on meth-
ods, and perform calibrations,

In 1940 and 1941, MacLean 26 and Cook 27 independently devised methods for
calibrating electroacoustic transducers by using the reciprocity principle. Only
electrical measurements and a few easily determined constants were required.
The reciprocity calibration method proved to be a breakthrough that hastened
the development of the science of calibrating sonar transducers. In the summer
of 19,42, only a few months after Its establidunent, the USRL began to study

4



INTRODUCTION 3

and test reciprocity calibration concepts, and found the method to be an accur-
LI ate and reliable technique for testing and evaluating sonar transducers.

In the period 1942-45, development of sonar transducer calibration, test, and
evaluation methods advanced very rapidly at the USRL17 and ait sonar develop-

* ment laboratories at Harvard19 and the University of California.20 The reci-
procity calibration method was put on a firm theoretical and experimental basis.
Practical procedures were worked out for making measurements in shallow lakes

* and tanks.
Standard hydrophones were developed by BTL using Rochelle salt and am-

monium dihydrogen phosphate piezoelectric crystals. Hydrophones in which the
interaction of electric currents and magnetic fields (magnetostriction) was
utilized also were devised and built. J3TL developed wide-frequency-band
sound sources or projectors using piezoelectric crystals for the ultrasonic-
frequency range, and modified moving-coil loudspeaker principles for the audio-
frequency range.

!'he Massa-husetts lnrtitute of Techn(,logy's Underwater Sound Laboratory
dev 'loped Rochelle salt hydrophones and a condenser hydrophone system in
which an impedance bridge modulated-carrier principle was used. The Brush

- De' elopment Company built several types of piezoelectric wide-range trans-
ducers. The Harvard Underwater Sound Laboratory exploited the principle of
magnetostriction for many types of transducers. Natural piezoelectric crystals
wei e used to a limited extent -tourmaline at the Naval Research Laboratory and
qu,! rtz at BTL. Industrial organizations like the Submarine Signal Co., General
Ele tric, Sunganio Electric, and the Radio Corporation of America miado other
coi tributions.

.%t the end of World War It in 1945, it was possible to calibra te a small hydro-
phone fromn 2 Hz to 2.2' MHz under ambient environmental conditions. Projec-
for,, or sound sources weighing up to a few hundred pounds could be calibrated
fromi about 50 H~z to 140 kliz, Wilti driving powers of Ili kW evailable in the
atitio-freqaency range. When pressure was a variable, the Qapabilities were
limited to 2-100 Hiz and 100 psi for smnall hydrophones only.id to 10-150kHzEand .400 ps o arysalhdohnsand prjcos(less thant 100 lb).

Wii ti114, static pressure, and temperature Ill tiny cases was poor ft T "stand.
ard" purposes. Sound sources generally were cunibersutne, mitt response curves
were not smooth and Ouat as Is desirable in calibration work. Theo measuring Sys-
tems were not capable of pulsed-sound nicasurenionts. Good froo-fit-ti, or un-

bouned edim, ondtlos wee gnerllyassmedbut soldom obtaiined. Thius,
in %pifte of great strides forward during; World War It, the state of the art it 1945
wa still tehitivety crude.

After World War 11, tile shat)) drop In ll 01it~y-connlemd rewerlt and develop-
awut affected underwater u~ouslius and sontar calibration work. Almost anl pri-
valt! oirgaiuilons, witd partiularly univetsitie%, which had btvn activo in tis
fielddurinig thewar wi rhdew wholly or partialy ftmn this aetivhy. Responsiity
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for operating the university-managed laboratories was transferred to the
U.S. Navy. The California group became the Navy Electronics Laboratory. The
Harvard group became the Navy Underwater Sound Laboratory in New London,
Connecticut, and the Navy-supported Ordnance Research Laboratory at Penn-
sylvania State University. The Columbia University Underwater Sound Refer-
ence Laboratories were transferred directly to the Navy.

In the early 1950s, research and development on measuring methods, trans-
ducers, and systems was resumed, mostly at the newly established naval labora-
tories or at Navy contract supported activities. Progress has been significant, as
the many citations in this book will attest. There no doubt will be unintentional
omissions from these citations. The author apologizes for them. Many omis-
sions pr. ;ably will involve European developments. Acustica has been the main
reference for European work, but the author knows well that some work has
been documented in other publications and has escaped his attention.

For those readers who wish more history about the broader subject of elec-
troacoustics, Hunt's 6 book contains a very interesting chapter based largely on the
chronology of patents; also, the Submarine Signal Division of the Raytheon
Company has published a book,SubmarineSignalLog(Submarine Signal Division,
Raytheon Company, Portsmouth, R.I., 1963), that describes the pioneering
years of sonar before and during World War I1.

1.3 Scope of Measu ements

The measurements described in this book serve a broad range of purposes and
applications. At one end is the. research Investigation, for which thoroughness
and accuracy are paramount and restrictions of time and complexity are second.
ary. At the other end is The quick And simple test measurement used In produc-
tion or post-repair situations.

Electroacoustic measurements are of two general types. There Is the passive
measurement in which the acoustic signal is produced by some norelectroacoustic
means such as marine life, machinery vibration,.explosions, mechanical or hy-
draulic oscillators, but the senwor is on electroacoustie hydrophone. Thou, there
is the active measurement whet the sound is producd anW coitrolled by all
clectroacoustic transducer.

It is ite active measurement that is made In basic calibratio es, tet, and eviua.
tion work. Most of the methodology discussed in this book pertains to active
measurements, In a typical case, a soulce And a receiver are.coupled by a water
medium. An electrkal tsignal is fed into and Aiua r .sei at the input electrical
terminals of tie sound source. An electrical sial thop is measured at the out.
put of te rec.iver while -the receiver is exposed to the acoustic rdiation from

."... the source. Variations on this parti culr uet of nemwenents lre the basis of
*. most elecitoacoustlc evaluation. There ar. 4r coon*e, veay nanyit xamlfiations

and complicltions due to frteruacy, szi,, ctvtonmot,, o, and to forth;
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and initially, various constants must be determined, In the final analysis, however,
the measurements reduce to a determination of the elect rical input and electrical
output-or, in electrical engineering terms, the transfer impedance of the network.

In calibration measurements in particular, one often does not know, nor is
he even concerne-d with, the acoustical pressu res being used. The whole electro-
acoustic -elect ro system is treated as an electrical two-port network. The acous-
tical part of the system is measured ini ternis of various dimensions, the acoustic
impedance of the medium, the speed of sound in the medium, and so forth. These
parameters usually afe determined only once; they thereafter become constants
in the calculations. in some techniques, measuring these constants is the most
difficult part; in others, the measurement is simple, or handbook values are used.

4 The methods and theory of a wide variety of measurement techniques are dis-
cussed in Chapteri 11. Some of these are in common use; others have only highly

- specialized applications. Measurement practice in the widely used "free-field"
technique is discussed separately aind in detail in Chapter Ill. The "near-field"
method, being relatively new and completely different in concept from the others,

4 is described separately in Chapter IV. Standard hydrophotnes, reciprocal trans-
ducers, and wide-range sound sources are the key instruments needed in most
practical measurements. The design of this specialized instrumentation is dis-
cussed in Chapter V. Acoustic baffles, windows, reflectors, anechoic coatings,
and absorbers are closely associated with) underwater electroacoustic measure-
nments and transducers; evaluation measurements on them mie discussed in
Chapter VI.

1.4 Terniriology

The American National Standards Institute, Inc, (formearly The American
* Standards Aissaiation) has publishled a standard torminology2 s written under

the sponsorship of the Acoustical Society (if AnWrica. This staiidard terminology
is used in this book wherever it applies, Specific terms wre deind herein where
they are first discussed In detail, -Acceptablo terminology, however, I., .. - static,
and tli, reader will find that sonic termis, such as Ifertz, chJo reduction. ;ind near
jkieu iare not included in thet stantlard. Terms like coupler and insertloni loss are
used ini a broader sense than lin the standard. Stilliother terms are used in m) ab.

K brevated or~iudipihii paurt histeild of, direetrwnal respolse Pattern, for
examtple. Thw statidtrd omists ol'about 5') pages; the reader Is referred to it for
a coniprellensive compilation of definitioni.

Akside from definitions, the usage of time common terms needs soic comn-
tuent, lit underwater acoustics, irsdeer usually inians by Implication Wke-
tipucoustle twitsducci. Sometimes the meaniop, is even mnore restrictive In hnply -
ing a reversile aecitoacoustic tramsdocecr. 11w ltter meaining excludes sniall
hydrophiones with preamnplifiers; tis rsicinis not standard, and it is not
used Ini this book. 7Xotsdisver is used lteo'e as a collective termo for all kinds of
eleclroaousfilc tra&sducors. A hsydry.piton is an undorwatat wicrophonae 01 a
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transducer used to detect or receive sound underwater. Here, again, the use of
the term sometimes is more restrictive in that it is limited to those transducers
that can be used only as receivers. This meaning, too, is not standard, and no
such limitation is implied throughout this book. A projector is a producer or
transmitter of underwater sound. The terms hydrophone and projector are used
here only to imply the purpose being served by a transducer at the moment and
no assumptions should be made about its design, the transduction principle
involved, or its other capabilities.

Both receiving sensitivity and receiving response are acceptable terms, although
sensitivity is most commonly used. On the other hand, transmitting response is
the only acceptable term. The reason for this inconsistency involves the notion
that all types of instruments and devices respond in the sense that the output
responds to the input, but only sensors or detectors have sensitivity.

1.5 Measurement Parameters

The end result of most measurements is the value of an electroacoustic
parameter; that is, a ratio of an electrical variable to an acoustical one, or the
inverse. Typically, the sensitivity (voltage/pressure) or the response (pressure/
current or pressure/voltage) is the electroacoustic parameter computed from
measured electrical data and various constants.

When the sensitivity (or response) is measured as a function of frequency, we
obtain a frequency calibration of the transducer, which is by far the most com-
mon type of measurement.

The basic and widely used standard electroacoustic sensitivities or responses
are defined as follows:

Free-Field Voltage Sensitivity; The free-field voltage sensitivity of an electro-
acoustic transducer used for sound reception is the ratio of the output open.
circuit voltage to the free-field sound pressure in the undisturbed plane proges-
sive wave. The frequency and angle of Incidence must be specified.

Mhrnsmtftlg Current (op Voltage) Response: The transmitting current (or
voltage) response of an electroacoustic transducer used for sound emission is
the ratio of the sound pressure apparent at a distance of one meter in a specified
direction from the effective acoustic center of the transducer to the signal cur-
tent flowing Into (or the voltage applied across) the electrical input terminals.

In underwater acoustics, sensitivity and response usually are measured and re.
ported in decibels, In such cases, sensitivity and response levels are the technically
correct terns; however, the use of decibels and levels is so common that level
often is omitted In the Interest of brevity, without risk of crofuson or ambiguity,

When the relative sensitivity (or response) is measured as a function of direc.
ion or orientation, we call it a directional Pesponse pattem, or more siuply a

bea, pattem or dfreetvity pattern. The formal definition is:
The directotud respone pattern of a transducer used for sound emtission or

reception is a graphical description, usually in polar coordinates, o( the reponso

-i
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o!' the transducer as a function of the direction of the transmitted or incident
sound waves in a specified plane and at a specified frequency.

A complete or three-dimensional pattern usually is described by a compila-
tion of patterns in different planes thro'igh thle acoustic axis of thte transducer.

* When response or sensitivity measurements are made as a function of signal
* level, we have the linearity or dynamic range. These terms are discussed and de-

fined in Section 2.15.
Electrical impedance is an exception to the output/input category of meas-

urements. It is stiid a quasi-electroacoustic parameter, however, because thle
* electrical impedance is a function of and often quite sensitive to the acoustical
* characteristics of the medium into which the transducer is radiating sound. One

is still measuring an electrical ratio (voltage/current), as in most other electro-
azoustic measurements, but, unlike the others, the phase between the two signals
i., importmnt.

Phase in an absolute se:ise has little application in electroacoustic measure-
mi ents aside from impedance, becatise it depends onl an arbitrary choice of where
tile phase of the acoustic signal is measured. The wavelength of the signal in

* water often is smaller than the transducer, and tile selection of the measuring
point for the acoustic signal would have a large effect on aneclectroacoustic phase
11easuremient.

* Efficivncy is a computed paraincter, because direct measurements of electrical
aid acoustical power are niot feasible. Other parameters like direct ivity factor
anid equi' alent noisc pressure also aivcomputed from sensitivity (or response) and
i lipedaink 0 Measuremlents.

Other variables u~sed ill ilese measurements ate envirortmental fuclors (hydro.
vtatic pre-ssure and temperature), thke kind of signal (continuous wave, pulse,
noise. imvpulse, etv.), tilo boundary conditions of tile medium (free field, fever.
beranit tak, baffled or unbaffled tranosducer, with or wvthout a dotti. etc.),anrd,
of course. various inlternal k hatg-s or adjustments that can be made on particular
Itutisduct-ts (elenients connctled inl seties or parallel, witht or witliwit a tratis*

Basically, therk: Ire three calWgorles of electroacusttc ppramleter () eni
livily or respoow~ that is meausured directly as a function or frequi ney, signial
kvel or type. enivitonnuontril fhats, oretuiat, d so forth; (2) allpedallea,
aild (3) paraies coitiputod fioni (I ) and (2).

1 6 Decilwls

!Ile ecibol S 'Ic ~i'a Widely IItill uldl~trekefoculcllau

a.Ousick. pwctinf:tly twolistictcii 111 lem uilerceives apiptoxlllly
tike write diffotatl'e ill lule% Wi Weel I aldIuit~ 10U1w betwen ID -gid 100)
ulils. Ilikat Is. the car is .1 logaruliil detector. Collequaenrly, a logartithimic

s~. orin~~&singslotul Il-ke div dekrbel "uk Voq iefyuul, 1lat heIaig
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and acoustic phenomena, in general, range over extremely wide values of signal
amplitude-the order of 1012. For this reason, too, a logarithmic scale is con-
venient. Finally, in underwater electroacoustic measurements and in many other
special areas of acoustics and communication engineering, the interest is in signal
ratios rather than in absolute quantities. Decibels are a convenient measure of
ratios.

The classic concept of a decibel is given by the equation

n = lOlogo ,(1.1)

where P1/Po is the ratio of two powers and n is the number of decibels.
Parameters that are essentially equivalent to power (acoustic intensity i or

power per unit area, for example), are described similarly:

n lO1osl0 91o" (1.2)

The convenience of the decibel system has led to its use in describing ratios
of other parameters that are proportional to the square root of power: voltage,
current,pressure,velocity,oand so forth. Such use is valid and consistent with the
classic concept, if these other parameters can be related to power. This relation-
ship usually involves an Impedance, sometimes specifically stated and at other
times merely implied. In eleetroacoustics, the decibel system is carried a step
further and used to specify output/input ratios like the sensitivity or response of
a transducer. Then, the logarithm of a ratio of ratios actually is used, and the
connection with power and inpedance becomes somewhat tenuous.

Consider, first, however, the application of decibels to spevify, by means of
the relationship P e/R, the ratio of two powers P and Po separated in space
or time,

n IOIUI[] 1O11 (3

,J 20log (14)

Equation (1.4) gives die t~tio of two voltiges in decibels when they Jhar a

mucou iaipdaca. The ratio of two cifeab. sound pres.ur atd pit",

4 ,
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velocities would be given in the samne way with some provision of common
impedance.

Typical applications would be voltages at two points on the same uniform and
effectively infinite transmission line. free-field sound pressures at two distances
from the same project or, wid curreuts in thie same circuit at two different times.

TIhe second application of decibels is it) specify the amplitude (usually rms
amp~litude) of a parameter at a single point in time and space relative to a refer-

U once amplitude. In Eq. (1 .4), for example. eo would be some standard or speci-
fied[ reference value and c, would be measured relative to eo. Such usage is
identified by the term level. as, for example. voltage level or pressure level. Here,
it is understood that e I an d eo are mneasu red ac ross the same impedance. When
eo is one volt, the voltage level ofe I in Eq. (1.4) is, by definition, given in dBV,
which is read as "decibels referred to 1 volt."

Similarly, sound pressure p is defined in terms of sound pressure level SPL.

SPL =20 log[& 15

where po is a reference pre isure.
There is no universally accepted standr ieeec rsue h rssure

% . 0.0002 nticrobar is used ii. air acoustics and has been used in underwater noise
acoustics. The pressure I tnicrobar has been used in sonar work and underwater
electroacoustic mneasurements other than noise since World War 11. In 1968, one
inlvronowton per square meater was selected as an American standard reference

* U pressure level for acoustici in liquids. It has the advantages 01 being a power of
ton, being small enough so that negative pressure levels are virtually eliminated,
and fitting easily Into the MKS system of units atid the standard system of pro.
fixes (mll, micro, Cu.). Ilia various reference preassures are shlown sclcntatically

Tite decibel system also 6s used to speeiiy the output/input ratios ot twojport
networks and transducers Wheon used in this way, the system loses must of Its
ti.4) and (1.5), A volto wpifter foi vxwpo juy haeannecPno

4h10. which inoals that

2 I - 20 log 1i 20 d13. (1.6)input volragz

IVw voltapos do not have a coinon hollwdanec.Jlowcvdt, the hopedamice cortdi
tsons at both tilt ftiput .lld output are fixed. Ilia input voltage, of Coutik, is
11e0dured acro.% file hnlpit- hpetdance of 11iw ,ullplflloe the Outsput vollago, Ulros
VAk 1w iim ad hiivw.
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Similarly, the free-field voltage sensitivity M is given by

20 log M 20 log open-circuit output voltage (1.7)
free-field plane-wave pressure

Here, again, there is no common impedance, but the impedance conditions are
fixed. The voltage is measured across an open-circuit or an essentially infinite
impedance and the pressure is measured in a wave with a characteristic imped-
ance of pc, where p is the density of water and c is the speed of sound. In Eq.
(1.6), the units of voltage are immaterial as long as the same unit is used for both
input and output. In Eq. (1.7), the voltage and pressure have nothing in com-
mon. It is necessary, therefore, that the voltage and pressure each have a refer-
ence value, or that a combination of Eqs. (1.4) and (1.5) be used instead of Eq.
(1.7). Thus, we have a ratio of ratios,

20log M 20 log Pt * (1.8)

where (eoclpf)o is a reference sensitivity level. The reference voltage always is
one volt.

The reference free-field pressure in underwater acoustics has been standard-
ized at one micronewton per square meter, but other levels in Fig. 1.1 may con-
tinue to appear, particularly in old meaurement data. A free-field voltage sen-
sitivity level, therefore, is given in dB referred to one volt pet micronewton per
square meter, or, abbreviated, dB te I V/pN/m2 .

A transmittingcurrent response level similarly Is given in dB ro I pN/m at one
meter per ampere. Since sensitivity and response almost always ate even in
decibels, the term keyel ordinarily is not used, Sensitivly and sensti'ilyk el
are understood to be synonymous, as a re pw and respnse etI.

The decibel system is not without its problems. Troubles arise largely fron
attempts to extend the system too far. Suppose, for example, that in a specal
case in (acoustical power output)/(voltage input) transmitting response is desired.
Neither 10 nor 20 times the loaithmn of P/e would be consistent with Eqs. (IMi)
and (1.4). One would have to use 10 log Piel of not use d betls at all. The

4. reference response level would have to be in watts per volt squared (WjV2). As
another illusuation, application to a parameter like in impedance Z is not
recommended, because both 10 log Z and 20 log Z appear in different cilcumt.
sances, as fo example in 10 lg P - 10 lot O2 R and 20 log elt e 20 log R. P In.
ally, users of decibels samet ies forget that numbets of decibels represent ratios
expressed in tem of etponients of ten, not the actual value of a quantity; con.
sequo tly, de be are not subjwt to the ordinarmy tl of arithmetic. Doublin&

Ie
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-a pressure amplitude does not double a pressure level; it increases it by 6 dB
(actually, ti.02 dli = 20 log 2 =20 x 0.301, because 2 =100.-301).

Decibels should not be averaged unless oneC seeks a geometric mean or unless
* the difference between the arithmetic and geometric mean is negligible. Where

the difference in levels is 4.0 dBi or less, the average level (geometric mean)
will differ from the level of the average signal (arithmetic mean) by only 0.2
dB or less. The error in averaging decibels always results in a level thiat is too

U low.

1.7 Units

The units used in underwater science and technology unfortunately are a con-
fusing conglomeration of the English, cgs, and MKS systems. The mixture occurs
because underwater acoustics is involved in the whole range of technical activity

* from basic science to production engineering. In addition, naval and nautical
~: :~tradition influences the use and selection of units. It is not unusual to see fathoms

* and centimeters used in the samne report or discussion. Scientists who diligently
promote the usage of meters, liters, newtons, etc. still regularly use pounds per
square inch for hydrostatic pressure. Hopefully, this matter will improve with
time. Current common practice is used in this book.

Workers in electroacoustics have a particularly unusual situation, since they
deal simultaneously with electrical and acoustical parametcrs. The practical or
NIKSA system is used for electrical moasurements, while the cgs system has been
used for acoustical paramelts like pressure. velocity, density, etc lIt tie result.

* - ~~~~ing hybrid system, for example, hydrophoite soniivt Is xre1 invls pC
mnicrobar. A worse example is lte transmitting current response of a transducer,S which usually is defined as lte output pressure intu icrobars ineasured at one
meter flrm the transducer for a one-amlpere input, to woit applicatlions, liow-

* ever, lte Navy profers to measure the sund pressure at one yard instead of one
Reoter. thereby introducling all three system., of units tit one paranieter.

Thero htas been a fradual chango ftom the cgs to the MKSA sy~tcn% in lte
*scientlic conirnlunmty Thlis is a solnsible rime that ma1Y be Complete in another

* decade of so, Change probably will be ill Icl showvr wotose 11woho are sen.
sitivo to tribdtion or to lte cost of vhango.

1110 units used W411h wko of the coomm tit paralmoters ate g1ie lit lte lit dtha
follows, along WWIthWsufe covesin teoi..

Acohlc pfoe~t~cgt.~~t df~etnoea

(Nolo. 10 .ara 1 N/n.2)

tRi

Vsl:Ipt i 0 ail
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velocity centimeters/second
meters/second

volume velocity centimeters3/second
meters3/second

voltage volts

current amperes

electrical power watts

acoustical power watts

acoustical intensity watts/centimeter 2

watts/meter 2

electrical impedance ohms

acoustical impedance acoustical ohms
(Note: The acoustical ohm is pressure/

volume velocity In cgs units; the MKS
acoustical ohm is presmure/volume ve-
locity In MKS units.

specific acoustic impedance rayl or acoustical ohmfcentimeter 2

MKS rayl or MKS acoustical ohmfmeter2
(Note: specific acoustic impedance often

is referred to as the rhoc of the
medium, because it is equal to the
product of the density p and speed of
sound c.)

density glams/centimeter 3

klos/ l nlmeter3

(Woe: I g/cm 3 al10 kg/rn 3)

speed centimeters/scond
meten/Wond

time seconds

frequency hertz (cycles per second)

bandwidth hertz

temperature degrees Celsius

Offiency Percet ot numeric ratio

'41 IUectracoutic palametes almost always re described in teras of levels, and
theunit Is thedecbel . In these csbthe n ber and kind ol nitsused in

,.
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4the referenic level are important. M.,ntioii has been made of the various referene
pressures in Section 1.3 and Fig. 1.1. Each can be substituted for pressure in
the following reference units.

free-field voltage sensitivity vol Is/pressuire unit
transinitting current response (pressure at I mcter)/aniperes

trav ;ritting voltage response (pressure at I meter)/Volts

I newton/meter 2

t220 dB

74 dB

0,0O02 mrobit at

tio 4141wiy uld t. Ah dtres4tc flitio the o I cl w lt t4 lo tw
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micronewton/meter 2 level, for example, will mean an even -100 dB change in
sensitivity level, and a +100 dB change in transmitting response level.

1.8 Symbolism

Letter symbols as standardized by the USA Standards Institute29 are used in
this book. Some symbols, such a.-M for microphono or receiving sensitivity and
S for speaker or transmitting response, are not defined in the standard but are
used in other related standards. 16,28 Such implied standard symbols also are

" " used here. Symbols are defined when they are introduced in the book. A corn

pilation of symbol definitions is provided in the appendix;basic symbols and sub.
script symbols are listed separately.

The English and Greek alphabets are inadequate to provide a completely un-
- ambiguous set of symbol,. Where one letter has more than one meaning, the

context in which it is used will make clear which meaning is appropriate.

1.9 Analogs and Network Theory

Electromechanical and electroacoustici analogs ave w;dely used analytical
tools in electroacoustics. Anyone who seeks even a superficial understanding
of electroacoustics for any purpose should be familiar with at least the elements
of these analogies,

The direct or impedance analog is the oldest and most used of the two types
of analogies. It is used in this book. Olson 9 and others$.? describa it in detail.
The basis of the impedance anilo is that the following chauacteistis are oquiv-
alent or alogouS.

fore . voltage
velocity - current

mecanical impedance electr icampedance

The impedance anaoV is most useful with trawduwen in which etal cow.
plhq Is used (piezodectic o; eundene).

•he invete or mobility analo&, dveloi*t by Fstow,303t is bwd on he
* followin analogous rtaltip'L

f-'imc cuiifnt
velocity Voltie

'twaical sdiitatice (mobily): elcttil ipedane

*Me 1110balty Autlog is ouwst ustful with Ifansducers isa whkch t1 dwi.
Plitli Use (aglnclOusktRtii and MOv4noil).

When valgieoz art used to des&ibe a pure mcchaical or acousti"al system,
either wnaloV is applk e and Oe chke Is atbtiruy,'but, as leady mettioutd,

th neac aauyi se la feni rcie
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In addition to using analogies, it is convenient in acoustics and electroacoustics
tt, draw heavily on electrical network theory. 'Ihevenin's theorem, filter theory,
the superposition theorem, iiipedanc,-match:ng concepts, transmission line
e uations, waveform analysis, and so forth, all are used directly in or ad tpted to
u*4 in acoustics. !lhese subjects are l'ound in such communication engineering

*. rvferences as Temni 32 and Everitt. 3 3
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Chapter 11

METHODS AND THEORY

2.1 Introduction

The most-often used electroacoustic parameter i1 the free-field voltage sensi-
tivity of a hydrophone expressed as a function of frequency. It usually is
deterniined by either the comparison method or the reciprocity method. The

- theorN of thcse two common techniques will be discussed in this chapter and the
practica details of calibrating standard hydrophories or sonar transducers in a
free field or open %vater -ill be reserved for Chapte.r Ill because of their impor-
tance. Both the theory and practice of other methtods that generally are more

* specialized and of restricted applications will be discussed completely in this
chapter. The desciiptions will be complete enoughi to acquaint the reader with
the limitations as %,ell as ! ie applications; additional details are available in the
references cit. o. Tie near-field method, being a unique and recent development,
is treated separately in Chapter IV.

Of the methods to be described for calibrating a transducer, all except the
techniques that reqluire a calibrated stankrd tra iducer are considered to be

primary meothods. A primary method req tires badic measurements of voltage,

(orfreueny).Inpratic, hndookval,-sofdeitslty, son poelasticity,

lia secondary methodi are those in which u *raosducer(ualyah ro

phone) that has been calibrated by a primary nw~thod is used as a reference
standard. Theli comparii calihiution. ot a hyd -ophone is an example of a
secondary meothod. Siic a calibiutd tuniedance bridge, voltmeter. oscllaotor,
and s.o furth may We usad in a prhnouy todod but Ai calibrated hydrophono may
out, this distinction beotw.!on printary and iecod~y raithods perhaps is arbi-
trary. nvrhlsthe dilinction i made iv under vater acoustics.

1114 irietlodulo~y W': a e conce tied Wifl here provide means for tneasutiol;
tie loagnitude, Dill some annifs (t,' phase. if elect ica) Voltage and curictnt Zind
acoulical Pressurc and pirfcle k'.)oity, It theil ratioi. Th10 thory for the
purely electrical lil asowrllw~ats 4s w!dl ktiowl a31d 11 e needfrnmautj rcl
velocity is tsnlod :omsqu ,otly, it is tlw In.-Uafore 0"t orf acouistical pressure or

r~~~~tlo ~ ~ f"wf I~vlmi h~rutci s u at is lb majol subject of thtis chapter.

17



18 METHODS AND THEORY

2.2 Secondary Methods

Secondary methods for calibrating transducers, particularly hydrophones,
require fewer measurements and provide fewer sources of error than do primary
methods. Secondary methods, therefore, are more generally used for routine
calibrations, although the accuracy of secondary calibrations never can be better
than the accuracy of the primary calibration of the reference standard, if only
one standard is used. Accuracy and reliability can be increased by averaging the
results of measurements with two or three standards. This practice also detects
failures or deterioration of the standards. Secondary calibrations usually involve
standard hydrophones rather than standard projectors for reasons that will be
given in the sections to follow.

2.2.1 Comparison calibration of hydrophones in a free field

The term "hydrophone calibration" implies a measurement of the free-field
voltage sensitivity of a hydrophone. The free-field current sensitivity almost
never is used, and is largely of only academic interest.

A free field is a homogeneous isotropic medium free from boundaries. A
perfect free field, of course, never is achieved. Much of the cost and effort
expended in underwater electroacoustic measurements is attributable to the need
for establishing good approximations to free-field conditions, or somehow cir-
cumventing the need for a free field. Reflecting boundarfs, temperature
gradients, gas bubbles, marine life, and so forth, all contribute to imperfect free-
field conditions. A free-field measurement is one in which an assumption of free-
field conditions is i necessary part of the measurement theory, even though vari-
ous practical, means (pulsed sound, sound absorbers, data corrections for inter-
ference caused by reflections) are used to counteract the absence of a true free
field. Natural bodies of water, artificial pools, and large tanks axe used for free.
field measurements,

Acompauisoncalibration of a bydrophone is a simple measurement, and when
properly made, it 6 reliable and accurate. This method consists of subjecting
the unknown, or hydrophone being calibrated, and a calibrated reference or
standard hydrophone to the sine free-field pressure, and then comparing the
electrical output voltages of the two hydrophones. The method also Is known
as the substitution method, because the unknown is substituted for the standard
without otherwise danging the measurment t;onditions.

Asme that we have a ftreefleld water medium. A sound field Is established
In it by'sphrical waves muanating from a' projector. Theoreticlly, the charac-
teristio o the projector are Irrelovant. it iecesary only that it produce sound
of the desired-Ireuency andofduffilciently igh signal level.

The standard hydrophotie is i nmused in the sound field, It mut be far
enough from the projector that It Intercepts a segpnent of the spherical wave
4111all enough (or having a radius of curvature Ige enough) that the segment is
i tinisap bto from a plane wavc Now, that th definition of frea-field

SN , .:
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voltage response in Sectioii 1 .5 specifies pressure in a plane wave. An\ nearby
* housing for preamplifiers or other components Must be included in th, dimen-

sions of the hydrophone because the presence of such housings may ai fect the
sensitivity. Tile theory anDL practice of proximity requirements is discuss ~d more
fully in Sectiun 3.4.

Unless the standard Ii) drophione is oinidirectiona1, it must be on o!ted so
that its acoustic axis points toward the projector. The open-circuit output volt-

S age e, of the standard hydi ophone in such a position anu orientation is measured.
The standard hydrophone then is replaced b) the unknown hydrophone, and the
open-circuit output voltage e, of the unknown is measured. If the Cree-field
voltage sensitivity of the standard is M, then the sensitivity of the unknown M,
is found from

or, it-, decibels,

20Olog M, 2Olog M, + 2Q logc e, 20 log e.. (2.2)

*I ,In spite ol the simplicity of the method, comparison calibrations arc subject
to error of tour general types: (1) failure to meask';re the voltage under true
open-circuit conditions, (2) instability of the standard, (3) absence of a true
free ticld, and (4) absence of a sufficient signal-to-noise ratio.

T1he output voltage and the sensitivity of a hydrophone are measure I at some
specified pair of electrical terminals. If the hydrophone has no preamplifier, the

spcified terminals are at the end of the cable, and. tile cable may not bo changed
without jeopardizing the calibration. It is tiecessaiy also to adopt some standard
electrical grounding condition like, for example, connecting both it c NOblo dc-

* tricil shield ind one conductor to electrical grount, at the cable end,
* ~The voltni ter or other voltage-inetsuringt systemn at the end of the hydrophunle

cable must itavu an input impedanceo very high fit comparison with tilt hydro.
phone outpu, imipedance or the loadingetflcl.t of thk, voltmeter inust be nicasuied,
(&-eo Section 3.6.) Hydrophones, with %mall hqi-impedance piezoelectric genera-
tofis and pre amplifiers tire calibrated eithir at thle tellilinals connecting the
pieibielectric generator output it) thle Ill-ciiitphir inptt or at tile gild of the
callic. The torliwr mlethod requaires u special caulihrationt or coupling circuit (see
&k~ tion 3.61 to mneasure the conibined effect of d0 'enlct; of Uponl-circuit Con.

* dutions and the preamplifier gain or toss, Nis "t rySlal output" type Ot calibta-
tioi has hetil ill vogueo evr Sice thme initial deoelopownit of Sonar Calbtioni
imethods in World War It. Its philosophy was that the hydrophond calibration
slwa'ld be independent l' thN vagafi of~ ul eam iiplifiis., howover, experioence
since World War 11 has sliown Ol tie 01".t I r m Pt'aipliflor (typically a catheo
6112owor) lastwhy is as stabl as tile Ouleetooosc Alumit Willh this erivncc
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and with the development of even more stable solid-state preamplifiers,
end-of-cable calibrations now are acceptable and in common use. The problem
of measuring an open-circuit voltage is common to all calibration techniques
when a high-impedance hydrophone is being calibrated or being used.

Hydrophones are subject to many influences that affect the stability of their
sensitivity. Hydrostatic pressure, temperature, rough handling, marine fouling,
corrosion, and water leakage are some of the more obvious deleterious influ-
ences; others are more subtle, but no less important. Many hydrophones have
small piezoelectric or piezoceramic generators with very high electrical im-
pedances. The leakage resistance of such generators must remain very high-100
to 1000 megohms (see Section 3.6). The usual rubber materials that protect the
generator elements from the water medium are not completely waterproof. Over
a period of a year or so, minute amounts of water will diffuse into the generator,
lower the leakage resistance, and cause a drop in sensitivity at low frequencies.
Subtle chemical changes among the metals, oils, crystals, rubbers, plastics, and
so forth, also will tend to pollute the generator environment and affect the
hydrophone sensitivity. With the present state of the art, even a high-quality
standard hydrophone should be recalibrated at least once a year. Sensitivities
measured at some nominal temperature and hydrostatic pressure cannot be
assumed to be valid at other temperatures and pressures,

The absence of a true free field is the most prevalent source of error or
trouble. Reflections from the surface, bottom, walls, piling, rigging equipment,
etc, and temperature gradients, gas bubbles, marine life, debris, water turbu-
lence, etc., all disturb the free-field conditions. If the two hydrophones are
influenced equally by a disturbance, the errors cancel. Often, this is not the
case, however. For example, an omnidirectional hydrophone will be more
influenced by interference from reflections than will be a directional hydrophone.
The standard should be as much like the unknown hydrophone in size, shape,
and design as is practical,

A variation of the comparison method is the practice of simultaneously im.
mersing both the standard and the unknown hydrophone in the medium and in
the same sound field. Since the two hydrophones cannot be In the same position,
this technique requires some assurance that the sound pressure at the two loca.
tions Is the same, or has some known relationship. If te hydrophones are
placed close together, the presence of one may influence the sound pressure at
the position of te other, and the frce-field conditions will be affected. If the

*hydrophones arte placed for apart, reflections from boundaries and the directivity
of the projector may produce unequal pressures at the two locations. If the
boundary and medium conditions are stable, the relationship between the sound
pressures at the two locations can be measured. The disadvantages of this varla,
tion in the free.field comparison method usually outweigh the advantages, and
the method is not used very nmch.

4; The stgnaltotnoise ratio Is the ratio of the signal amplitude being measured
to the unwanted but ever present electrical and acoustical noise. The noise

.

4.
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must be low relatve to the signal if" the latter ii to bc measured accurately. It isg this limitation that makes it impossible to calibrate hydrophones of very low
sensitivity.

2.2.2 Standard projector calibration of a hydrophone

A hydiophone can be calibrated by reference to a standard projector rather
than a staidard hydrophone. If a projector is driven with a measured current i,
and its transmittin'g current response S, is known, the fre --field sound pressure at
a point d meters from the projector and on its acoustic a~is is iSld If a hydro-
phone to be calibrated is placed at this point and its output open-circuit voltage
is t,, then the hydrophone free-field voltage sensitivity M,~ is

-ed (2.3)
44s

The dista itce d mi i t be large en ough so that p rox im-ity efIfects a re negligible.
This kind of .alibration measurement requires only one transducer besides

the unknown and only one equipmet arrangement; however, the calibration and
Wei use of stindard projectors has serious drawbacks that are discussed in Section

2.2.4

N, 2.2.3 Comparison calibration of hydropliones in sinaI tanks

The technique ifsinultaneously subjecting a Standard and an unknown hydro-
phione to the sat to sound pressure is inost often used when the sound is pro-

* 5duced in ai smnall dlosed tank. If lte largest dituenslon of a closed tank is inchl
smnaller than a wtivilongtli of sound in water, thc sound pressure is cs.entially lte
samte everywherc in lte tank. Theo tank must be c/bowd in the sense that the
water itedium is intirely confined by igipdtceor rigid boundaries. Any
water-air ,urface. air bubble, compliant wall, or other low-ipedance boundary
wil, result In high pressure gradients. As an Illustration, consider two Sinail see-
tions of a standing-wavo System as shiown in Fig. 2.1. Wiewre IhN wave intpodlance
Is hiot, ter at thec preissureo antmntde, the piessure aniplitude is chaniging slowly

Awith positiont where the wave Imnpedaiive is low, or tit e pressurfe node, rte
pressure witplitudo Is chunging rapidly with posit ion.

* 11wsoun prsureaetitig on each Itydropi te In a Small closed tanlk will be
ic~NIoail the samte. Ulis sound priamuoa is tho wittul it pliod presuee, howeover,
-and lte telationship betwecit toi appd ptessuro ak lte corresponiding free-
fleld preoue imist be known if a ftooetild voltage set sitivit'- calibration is tie.
owtd, Wlian a ividwophono is calibiat-i In ltitms of lie applied pressue, lte
ca'Ibr10011 Is calI- d a prtessur. sicllsiivrt. To %Isuallte the relationship between
the fee-lteld aiw pimme sonsitivities. ernidk r Fig. !.2. A ltydvqphonte ilk a
ftve field is topt-ited as a network Mih twi clecitat aloutput it rininuls and
two acou%le lnpp't ortilbl. 11he applied pflu-tase 1) appeats, actos the iput

& *
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"I'GH-IMPEDANCE - PRESSURE DISTRIBUTION
PLANE(/u- )-- i NEAR A RIGID BOUNDARY

PRESSURE-I

- I

VELOCITY.. OWIE -.

LOW-IMPEDANCE -PRESSURE DISTRIBUTION
PLANE (Ph -O)-.--- NEAR A SOFT BOUNDARY

Fig. 2.1. Prcssure and velocity distibution in a standingwave system.

terminals. The input acoustical impedance is Z, The free-field plane progres-
sive waves of pressure p that impinge on the hydrophone are represented by the

., acoustical Thevenin generator. The generator pressure Pb is the average pressure
acting on the hydrophone diaphragm when the diaphragm is blocked, or when
Z - . The generator impedance Zr is the acoustical impedance observed at the
hydrophone terminals when looking into the acoustical generator. Then Z, is the
radiation impedance observed at the hydrophone diaphragm when looking out
into the water. The relationship between the blocked pressre and the free-field
pressure is given by

D. (2.4)

where D is called a diffraction constant. The value of D depends on the hydro.
phone size and the wavelength, and can vary from 0 to 2.1,2 If L, the maximum
dimension of the hydrophone, is small in comparison with the wavelength ?,
however, then D a 1. (See Section 5.2 for more on diffraction.)

Theo blocked pressre and the applied pressure are related by

-',Z .. ,( 2.S)
Pb

If Z4 >> Z,, then plp - 1. Consequently, if L << X and Z4 >> Z,. then
i.-tp p,. and the free.field and the pressure senitfivlltes ate equal.

As a generail ule, pressure sensitivities re measured and used only when they
ate ie saie as the free-field sensitivity. In any cawe, a vialid ftee4leld serstivity
calibration In a smalank is obtaied only when L << A and Z, >> Z, rall
hydtophons used, These citeria apply for bodt wonparison calibrttions and
primary calibations that will be discossed later. An exception would be the

I-.;

a~
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eHYD. .. ZO Po0 b=~

ACOUSTICAL THEVENIN
GENERATOR

Fig. 2.2. Mlet trical analog of hydrophone in a f e field, with the~ free-field sound pres-
* . sure reprosen red as an acoustical generator according to Thevenin's Thieorem; p. is the

applktd jevie, pb is the Thevenin blocked pressure, pf is the free-field pressure, Z, is the
* . hydroplione radiation impedance, D is the diffraiction constant, Za is the hydrophone

acoustical impedance, and e is the voltaigv.

Special cae Wvhere theC unkioWn alid the stairdard hydrophone in a comparison
calibration l -ad iden tical ZU. Z" and D.

Since ou. hydrophone must fit uitia a tatik that is mnuch smaller than a %vave-
length, the ioquiremient L «< X is automati~ ally fulf'illed, and Z, must be! mall.
Virtually ali conventional hydrophones, except n'oving-coi types, meet the
Za >> Z4 rc juiroinvot, excqpt niear a resonance.,

lit suinni try, then, it is feasible to calib:; te small, hard, nonressinant hydro-
* .*,phiones in su iall clmsed tank..

Figure 2. 3' is a !khemai4- diagrain of a typical closed tan System. Figure 2A4
is all electrical analog cirn ult of lte systein. It is assumeod that the particle
volocity in thwe medi ant is nsgllgiblek xcopt neAr thle V rojectoe diaphrtagm. Collse-
quently, ne.;r the diaphrag it. lte aoustic Iiopodanoe is tlw inertia of thle mass
of a small volume or lte medlium neat tile dialihragill Away from the diaphragm,
tile acoustit Impedanc is mainly lte compliance ot a relatively large volume of
the inodunt. The itltdan xs of tlia tank ualls or boundurics and of ltem hydro-Iphoases are it ptalli, with te medium compliance. t-ut assumed to he high. Theo* ealilln l 14til a dle salvelicit as for die fmge-fle d calibtaiwa Case. E~q. (2.1)

SIli thos o-thod, hle metitun iseed not bt water. Other histilds "toy be used-
* usually to 0htain a lonlgor 'vavolell)h of to lwtgp lie elWtal Conductance of
* ~lte oledilits, Air oft other gome al~t Cali lt Usd, V~ tit only at the sacrifice of a

lower mnaxi nunllt u'blo fit 4uency4 A Wavlngt ni air iA about one-fifthl thle
- 11 l t nWale at lte -Atil fivt1uellcy. 1110 sm si iptios of a tunk sin, iluvih

sutailer thtal a wavel -ligths b sInvalid ilt air at a ,rquemy equal to one-tiftlt
Ole lhiitillf fretquemey ill water. Since 11,0 Collip laance ", of till niedilln In

Pi 23~ U64 'conies Iigh whien the iwdium ik air. p wtll be low Wneis lte
4.velocity i ii tiia~ ort er tidiit* tgt. 'lte velsetty vin be madd large by

iiiing ar It tdwuel cii s isulitto. USW A .14ai ul s tlia acoutii tditat
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'- SOUND
SOUCEm) c

OIAPHRAGM,
C

E

Fig. 2.3. Typical small closed-tank system; S is the standard
hydrophone and X is the unknown hydiophone, es and ex
are output voltages, m is the mass of the fluid medium near
the diaphragm, and C is the compliance of the Suid medium
away fom the diapluagm.

M

- p

Fig. 2.4. Electicl analog of the system in Fi. 2.3; Zv, Z, and Zx axe
the impedancesof tho waIs, the standard hydtophone, and the unknown
hydrophone; p Is the piessr in that pa of the tUnk away fra the

results in a low inipedanco oveywheer it the tank rather than at local points of
low Inpedance, the pressuce unifomitly Is not disturbed by a low.impedazce"
hydrophone. The use of air does allow tie pressure sensitivity of a low4impedanco
hydiopliono to be measured, but such calibrations have little application ill
utdetwater acoustims,

n 1on0 Variatlon ofdis tecluique, tle link is opeW and very S"lll. It is so s all
and so desig8id that all or tihe water Is represented by m in Pigs. 2.3 and 2.4,
4,a and I/wCaa zero, .and die hydrophones awe placed in the (ti Vi isls ofthe
water. Furither det aibout is rather special tecuique aie given in Section 2.5.2.

2.2.4 CAl1bstion of ptjecto.s

A projeclor calibtation i si t ua ourtent of It tr uniilliig curtent or vollage
response. 116 cuta ioso bdagaeclpscay relct to the ridcefield Voltago

4
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sensitivity, is preferred in calibration work. The voltage response is used inU sonar engineering and other practical situations where voltage is a more common
and more easily measured parameter or more constant with frequency than cur-
ront. Neither transmitting response is recommended for use in precision calibra-
ton work because, among other reasons, such application requires exceptionally
good free-field conditions. A transmitting response is referred to the pressure
produced at a meter away from thc projector in a free field. Inpractice, measure-

U iments may be made with even longer distance,. The pressure and the response
-ire dependlent on both the transducer and the nedium into which the iravsducvr
radiates snund energy. In calibrating or using a standard projector, there is less
cancellation of int.erference errors than there is in the comparison calibration of
a hydrophione because, in the hydrophone calibration, only the ratio (or differ-
enice in, d1l) of two voltages is measured.
* Typically, the plot of response versus frequency for a projector is less constant
than the sensitivity versus frequency curve for a hydrophone. Projectors generally
are larger than standard hydrophones and thus are more subject to diffraction
effects, and they have more spurious resonances. Some projectors are nonlinear
and unstable at or near a resonance frequency. All these factors weigh against
the use of standard projectors.

Projectors can be very stable at off-resonance frequencies-more stable thwn
small hydrophones, because the electrical impeidance is lower and less sensitive

* to changing leakage resistance avid stray capacitance. Bleing large, they also are
directional. For the frequencies at which projectors are stable and directional,
they cat) be calibrated and used as hydrophonuvs. Most standard hydrophones are
small only because spiall hydrophones ate versatile; that is, they are omnli-
directional and their sensitivities are constant over a wide range of frequencies
(see Section 5.2).

* . Projectors usually are calibrated only when they are being evaluated as a part
of a sonar, oceanographic, or other underwvatet electuacoustic system. The
calibratioti measurements are madio by placing the projector In a free field and
electrivall> driving it with an arbittry tininal current 1, or votuge ex. APstandard Ilydrophone with free-field voltag4 sensitivity 41, Is phctd at a distance
of d mneters fron the projector and on the acouistic axis of ste projector. The
open-iciil output voltage of the hydrophond OX is mea0sured, Ilie ttanstnling

* ,.current respwlso "o otg esos '6 hn

Note that liq, (1.6) is a eranein of l.. (LO3 with i t ols and tie sub.
Utrpts o l iac 41at ad il e ukikuowr intlwiaed
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An alternate method of measuring S is a projector comparison calibration that
is analogous to the hydrophone comparison calibration. That is, a standard pro-
jector transmits sound that is measured by an uncalibrated hydrophone. The
standard projector then is replaced by the unknown, and the current (or voltage)

S•driving the unknown is adjusted until the hydrophone output voltage is the same
as that for the standard projector. Then,

S esx = L_ (2.8)

: : x' - -- (2.9)

where S. and S, are the transmitting current responses and S,' and S' are the
transmitting voltage responses of the unknown and the standard; i and 1, are the
respective driving currents; and e. and e,, the respective driving voltages.

As in hydrophone comparison methods, errors due to reflection interference
may tend to cancel out in projector comparisons; however, projectors are more
often dissimilar in size, shape, and directivity patterns than are hydrophones.
This advantahe in the projector comparison method, therefore, is limited to the
exceptional case where the standard and unknown are of the same or similar
design.

All transmitting responses are defined in terms of the radiated pressure at one
meter from the acoustic center of the projector. This defiition does not mean
that the measurements are made with one meter separating the projector and
hydrophone. If a projector Is large, the one-meter point may be in the near field
or Fresnel zone of the transducer. It may even be inside the projector itself, as,
for example, in a cylindrical projector of 2.m radiusl Then, the actual measure-
ments are made at some distance larger than one meter where the diverging waves
are spherical and the inverse square law applies-that is, where the energy densiy
or the square of the pressure in the wave Is dininishing In proportion to the
inverse squar of the distance. The sound pressure then is inversely proportional
to ditnce. Values of pressure measured at d meters are converted to values at

.*- one meter by multiplybig them by d. For example, a transmitting response
meaed at 4 meters should be multiplied by 4, or, in the decibel system, 20
log4, or 12 dB should be added.

Most electroacoustic projectors are reciprocal, except perhaps at a hiph.Q
resonance frequency. The trannmitting current response can be obtained, there.
tore, by calibrating the transducer as a hydrophone and computing the trans.
mitring respontse S from the reciprocity telation S i MIJ, where M is the free-
Celd voltage sensitivity and J is the reciprocity parameter (see Section 3.1 S.2).

-4i The reciprocity of the projctor dould b o ri ied by the procedure deuaibed
in Section 2.3.

4"
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2.3 Reciprocity Methods

The reciprocity principle as applied to electrwacoustics was introduced by
* Schottky,3 in 1926 and Ballantine 4 in 19,19. Mak U-anS arid Cookb first used it
* .for calibration purposes in 1940 and 1941. The Uniderw Ler Sound Reference

* Laboratory of Columbia IUniversity Division of War Resceirch (and later of the
Navy) developed thle method for sonar calibration.'7

* The reciprocity principle is used in a fan-ily of calibration methods. When the
12A termi reciprocity' calibration is used withoLut qualification in underwater acous-

tics, it usually pertains to the most widely used of the many reciprocity methods.
This method will be called conventional rtciprociry. A more descriptive name
that would distinguish it from other variations ai the method would be three-
tran sducer spherical-wave reciprociiy.

All reciprocity methods depend on one elect roacoustic transducer being
reciprocal-, that is, the ratio of its receiving seiisitivity M to its transmitting
response S must be equal to a constant J called the recipiocity parameter. This
parameter depends on the acoustic mnedium, the frequency, and the boundary con-

* ditions, but is independent of the type or construe lion details of the transducer.
To be reciprocal, a transducer must be linear, passive, and reversible. Not all

lineal, paSSive, and reversible transducers :ire'rcciprocaU~h however; an example
* is a transducer that contains both piezoelctric and magiietostrictive elements.9

Altholugh most conventional transducers (i.e.. piezoelectric, piezocomic,
magitetostrictive, moving-coil, etc.) are reciprocal at nominal signal levels, a
reliable reciprocity kalibration requires ionie ;ssurant o that thle presumed

- reciprocal transducer is indeed reciprocal. Ther' is, un!'ortunately, no known
* absoluite method for deterinining this, but there are methods for ascartaining

that thle probability of a transducer's being reciprteQW is very high.
A method that is tasy it) use In connection u all a rec iprocity calibration is

refer, ad to simply as a reciprocity check. ('insidei two reversible tfransducers T,
and r, placed Ini atiy arbitrary positionts in thie samn meodium. Drive T1
with a current it and iasure the openlcrt oit voltage: output ectil TZ. Withiout
0ll MOaBin the positioins of the transduers Or thle btundary condlcm", reverse tile
sign.-I direction-. that is, drivc T2 with a cutrent i. arid tw'asure thle output el of
Ti. Now, if dhe system comprised of tile two trallwducors and thle Water mnediumn

~.and ts boundaries Is tacipim.Ocal, le cIil - el It does Ot necessarily riul.
loW 'hat tile system Mid 6t individual partS UIe reCIProcAl If il 4 el/I. but
is 'S a Safe assuillpit.)n In practi'C, If I~ Inid T2 are dissititilof trairtidcors.

UsiI4 d~ssimilar transluers avoids thle possibilitu that hoth are "nfoceiptovai
but -Ili and 0 1/12 all- coiic Idell wlly equal as wouild be t; to Case, for exaniple. if
Woill tansduccrs werk idoenticA ll nniet. As we hai. see, th~ew reciprocity
echec ite Iet ent r easily Combined with thle uoecessAfy m suenrt i a
Con% mntlnal reciprocity cohibrat to.

l a seconid miethod, a hydrop One iii alrbruted by trecilooty technique
anid Iion bV ally of the seversl other Idependent wetrbods dowcibed in tIus
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chapter. If the results are the same, the agreement is evidence that all the as-
sumptions of both methods are valid. Among these is the assumption of a
reciprocal transducer. It should not be forgotten, however, that the agreement
is evidence-not proof! Both methods could be wrong, and the errors could
coincidentally be equal.

Among the various reciprocity methods to be discussed, the two-transducer
and self-reciprocity methods are special cases of conventional reciprocity. The
remaining variations all pertain to special boundary conditions. Among the
latter, the definitions of M, S. or both, differ from the definitions for free-field
conditions. Since S, more than M, depends on the medium and medium bound-
aries, it usually is S that is different. It can be shown that the reciprocity pram-
eter J in each case is the ratio of the volume velocity emanating from 'the
reciprocal transducer to the resulting sound pressure used in the definition of
S, 10 as for example, the pressure at a point on the axis at one meter. The param-
eter thus is a transfer acoustical admittance of the medium and medium
boundaries.

2.3.1 Conventiona reciprocity

A conventional reciprocity calibration requires three transducers of which one
serves only as a projector P, one is a reciprocal transducer T and serves as both a
projector and a hydrophone, and one serves only as a hydiophone H1. Any one
of the three transducers can be the unknown or the one being calibrated; how.
ever, dhe calibrati on Formula usually is derived for thet free4leld volItage sensitivity
Mq of dhe hydrophone. The measurements are miade in free-field far-flold condi-
tions so that only spherica wves emanating from the projector impinge on the
hydtophone.

The arrangements and meastirements made are shown schematically in Fig. 2.S.
Only the firmt three shown, o, (a), (b). and (c) in Fig. 15, are necessary for the
calibration.

1hpgl C UTPUT
CUSIXENY %%T.AUr

lot I -* V

Hi. L.s. Uitdato th e totwitftmownt (o). (b), and (0) tot A
* a~~~~ttpt",lty Wlituion: t W a (oih otataae (4) totat44~
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The free-field voltage sensitivity MH of the hydrophone is obtained from the
first three measurements as follows. The free-field sound pressure pp prod uced
by P at the position of H or T,d, centimeters from P, is ipSpdo/dl, where Sp is
the transmitting current response of P, and do is the reference distance in centi-
meters at which the transmitted pressure is specified in the definition of Sp
(usually 100 cm). Then,

ep,1 = M1 1Pp = MlipSpd°a ' (2.10)

,and

M.ipSp~do
'L¢.r = MTp4P - d (2.11)

whte M-. is the free-field voltage sensitivity of T. From Eqs. (2.10) and (2.11),

MR (2.12)

If T is a weciprocal transducer,

,t-;= 1. (2.13)

aWtfrWt s. (212) and (2.13),

iS, (2.14)

Thte frcefilt w nd pw1tokt pr pr haced l T At the ;ltion of H, d, enti.
ners (imi T. ir.Srdo/d,. whois r is te trawattil. g gucuns re-p ofT.

ens lip rnn

atd from IiqL (2,14) nd (2..I5),

,:e -f,, ir d o,

1Whe Itelptoclq itte#- i J a nwd ill Iit oaill tte:.I it ii ,p'lal to
(2J01d 10-',wiwC p i she detiy le t ntdiull w ga lls pet cubi c nliuntor

a

,. = i . !, , ,. .± . . . .,. i , .
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and f is the frequency in hertz. The factor 10- 7 arises from the use of a mixed
system of units, since the dimension of J is volt-amperes/microbar 2. The voltage
and current are measured in MKS volts and amperes. The distance, density, and
pressure are measured in cgs units. The ratio dl/d0 does not usually appear in
Eq. (2.16) because either the voltages are corrected to what they would be if
d, = 100 cm and d1l/do = 1, or (dl/do) (2doIpf) is combined. That is,J is defined
as 2d1 [pf instead of 2do/pf. When voltage corrections are used, it must be re-
membered that the voltage is proportional to the sound pressure, not the intensity.
In a spherically divergent wave, the voltage therefore is proportional to the dis-
tance, not the distance squared. Assuming that either d, = do or that J = 2d, Ipf,
Eq. (2.16) becomes

---- ~ ~ pHe. T H. MH = (2.17)

Now, taking H as a calibrated standard, P and T' can be calibrated by secondary
calibration methods. If the projector P also is a reciprocal transducer and the
additional measurement (d) in Fig. 2.5 is made, then measurements (b) and (d)
constitute the reciprocity check described in Section 2.3. That is, both P and T
are assumed reciprocal if epT/ip = eTpliT. From measurements (a), (c), and (d),

(eH j) (2.18)

The numerators of Eqs. (2.17) and (2.18) are identical and the denominators are
equal. The addition of a fourth measurement to the necessary three provides
both a reciprocity check and some redundancy that increases the reliability of
the measurements.

All of the reciprocity measurements are subject to the same errors described
for free-field measurements in Sections 2.2.1 and 2.2.3. However, the square root
in Eq. (2.18) reduces the magnitude of some errors.

It can be seen from Eq. (2.17) that the electrical standard in a reciprocity call.
bration is an elf ratio or an impedance. The current IT can be measured as the
voltage drop er across a standard impedance-usu~ly a resistance R. Then,
Eq. (2.17) becomes

AV J (2.19).'"1 Mtt fi  ereT

Since the f, voltages appear as a dimensionless ratio, they can be measured by
an uncalibrated voltmeter. Because the voltages may vary widely in magnitude,
however, the voltmeter must be linear, or a calibrated attenuator must beused
to compare them.
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2.3.2 Two-transducer reciprocity

If two transducers have identical sensitivity and are used as the hydrophone
arid reciprocal transducer in a conventional reciprocity cajibration, epT and
epH~ in Fig. 2.5 become the sanme and Eq. (2.17) reduces to

Nil(2.20)

It appears , then. thai only two transducers and ont, measurement -that is, (c) in
Fig. 2.5--are necessa!-y for a calibration. This is not really true, because there is
no way (of verifying that two transducers have the same sensitivity withouit re-
sot ting to a third transducer and two more measurements. For example, the two
transducers could be. compared by subjecting each to the same sound pressure
produced by a third transducer; however, this is equivalent to measurements (a)
and (b) in Fig. 2.5. Thus, the two-transducer recipi )city method is a special case
of thle conventional method in which two of the thre..- measurements perhaps have
been made at somec carlier thie and place. The two-transducer technique usually
is used as aquick vicihod of %erifying or monitoring a prior, calibration; it is not a
true prirniry calibra ton.

2.3.3 Self-reciprocity

The tNo-transdlu~er recipiocity method can be i true tiriary method if ithe
sanie trui iducer is ised as both the hydroprione and the reciprocal transducter.

ifThis canl lie done b, reflecting the transmitted sigoal back to the transducer o,
til'; it rot eives its owvn signal. This self-reciprocity arrain-temrent is shown sche-
ivitically in Fig ,. The image of thle transducer can be thought of as tile

seodtansducer. I Iteoratically, thle reflection must be perfect otathtri.
111,W118 cliffent response of' thle iiage is identical it) that of die real ti sducrr.
lit Carstensen' oigitial self-iikiprocity techitiqueot 2 a . onnected tratism ttiing and
rekeiving electronic svt teom was used to drive thle tratisducer with a~ current i7 anid

* . ~nwllsure tile received upini- ircuit voltage Ceh. Pulsed sin! weeued n

eyi and i7. wort! nie isured separatoly. Tho froefild voltage sensitivity Aft is
* given by Eq. (2.20). Sabi iniptoved this tilchnique b ' measuring tile ratio

fyCtnfr W. anl iffpeaanlcv. t  The0 114isducer Vail1' he 'erSonw~d acording 10
Thlevellin", Thoet hy thle circuit iii Fig. 2.3, Tlx total impedance Zr Of th~is
citnPit,.c it 6~i i'cn by the cunent i. ii:id Momnr tile retd signal
s%-1 is reoeived, Is tile Woeefield impedaince Xf % hni the transuce s en
trivon both electrically by zi. and icoustically by the received reflcied 4iital

eytj tho total -lpedancilZ 7 -Is givi:n hy
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Thus, the ratio eTHir is obtained as the difference AZ between two impedance
measurements

eTH -

=_ T-Zf 1Z (2.22)
iT

and the free-field voltage sensitivity becomes

MH q AJ~ (2.23)

IMAGE

*. T T T

PERFECT REFLECTOR

Fig. 2.6. Anangoment for a f-rcoptocity calibration.

Fig. 2.7. Schouutic dinam of a trainsducer Waig driven both olecitrically with
Qzrnnt IT &Wd acausiclciy with toeohed om-ncitouit voltag #7W

To makeo sh ineasuusents, It is necossary to drive the transducer by placing
it in the 'unknown" arm of an hmpedapce bridge and to use pulsed sound. The
rtlatlon1wip aiiiong ZIS Zf, a4W AZ is &ittwn in Fig. 2.8. The phase of AZ, or
er,/1? is viarlable and arbitry betama it depends tin the distance travel ed by
tie iound pulse ur twice the distance from tie iransdtseer to the refloctor, which
ulso Is tha ditico use In J. It, is possible, thorel'oro. to arrungc fo: AZ to be a
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simple change in resistance only (or reactance only), and reduce the calibration
to a single turn of one knob on an impedance bridge. The signal from the re-
flected pulse has much the s.irne effect on thle transducer impedance as does a
standing wave in the medium. The im pedance method is feasible only when AZ
is large enough to measure as the difference Zr - Zf. In practice, this is true in
the frequency range near rcsonance where the motional impedance ;~an be
separated from the blocked impedance.

x-

z %

Fig. 2.8. Dlap=i of lrnpodancus in Fig. 2.7.

InI the irnpedanc version of this tochnique, the reflector must be a smooth
lane uiid the reflector-to-transducer distance mnust be very stable because tie
phase of the imApedance is sensitive to sni.C cingeas in the, geoinetry. III tile
pulsed-sound verslin, phase is not involved, anki the geomnetr Is no o criticl
In uddiihon, with pitsed ounl, nuineious redundant measuroments can We made
more eoisily and averaged. pal ersonl14 has reported a self-rouiprocity calibration
with the ocean surfuce as the ruflector, and the trunsducer suspended at a I 200-ft
depth. rite ocuan. surfava wvaves werte I Iii. The signal wavelengthlww. 3.3 ft
(1.78 kNz). SixtY'dght pulses (r separute measurements were madej. Although
flo direct )mparison was nirde with 4 separatt independent techniqu, it was
estimated that a field calibration accutacy of t"-da culd bW obtained with this
oceaa selfteciprocily joethod.
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2.3.4 Cylindrial-wave reciprocity

Cylindrical-wa'e reciprocity is a reciprocity calibration measurement made
under the special conditions that only cylindrical waves are propagated between
the projeztor and hydrophone. This condition exists between two parallel long-
line or thin-cylinder transducers as shown in Fig. 2.9. The distance separating the
two lines must be small enough so the hydrophone is in the near field of the pro-
jector where the sound energy is propagated with two-dimensional spreading.
The sound pressure on the line hydrophone will vary from point to point, but
the pressure averaged along the line will be inversely proportional to the distance
d. The cylindrical-wave region exists for values of X/2 < d < L2/A, where L is
the length of the line. The same three-transducer arrangements and measure-
ments as used in conventional reciprocity shown in Figs. 2.5 and Eq. (2.17) are
used, but the reciprocity parameter is different. The cylindrical wave reciprocity
parameter was derived by Bobber and Sabin:S

2LdN)%
J0 - I0 " . (2.24)

PC

STRANSDUCER R8 19. CyUnduical-wave 1c.

troacostic system.
CVLI NORICAL

4.1

The receiving sensitivity that Is measred is M - e10,, where A. now is the
sound pressure averaged along the line of the hydrophone. Since the effect of
this average pressure on a true line hydrophone-that is, a cylindrical hydrophone

- of negligible diameter-is indistinishable from te effect of a plane wave of the
same pressure, the measured receiving sensitivity is the free-field voltage sensi-
tivity. The transmitting response Is #/I. which differs, of course, from the free-
field transmitting current response.

*, Cylindrical-wave reciprocity is a specialized technique of limited practical
* application. it hms found use In the Trutt near-field calibration method described

S2.:

4'.4

*' 44

* ' I .t.
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in Chapter IV. It also can be combined with the self-reciprocity te-hnique. in
which case tie c:ilibration formula becomes

S*-: MH = (AZJ) 4/ . (2.25)

- 2.3.5 Plane-wave reciprocity

Plane-wave reciprocity is a reciprocity calibration measurement made under
the special condition that o~ily plane progressive waves are propagated between
the projector and hydrophone. This conditon exists, for example, between two
large piston transducers as shown in Fig. 2.10. The distance separating the two
transducers must be small enough so that the hydrophone is in the near field of
the projector. In the near field of a large piston radiator, the sound is propagated
in a nondivergent or collimated beam. Although the sound pressure varies from

. point to point, the average sound pressure in any plane parallel to the radiating
piston face is uniform; therefore, the sound energy in the near field is, in effect,
propagated as plane progressive waves. This effective plane-wave region extends
for a distance d = r2A from the projector, where r is the radius of the piston
radiator and X is the wavelength. For piston shapes other than round, r can be

Mltaken as hall the shortest width dimension. The distance d cannot be shorter
than a few wavelengths, because pulsed sound is used to avoid standing waves.

PROJIECTOR * % H~YDROP'4ONE

aI

' I

PLAN. WAVES

F%. 2.11). Pimw wavos betwwn two kdose ly "aW pasall piston uatatsdiw.

Figuto 2,10 could represent also the condition in a rigid-walled tube. ThIf
transducers would f l the tube cros sestion, and true plotaj waves would propa.
gate between transducers.

Again, the three, ransducer arraaget t sliow, in Fig. 2,3 for conventlmul
reiprocity and N~. 12.17) atr uwd fGt plane.wave (coprocity calibration, The
rociprocity patnmetvr 6, dtf(vtont, however; it is given by Shninwis and Ur&k 16

Jl
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S= 10- (2.26)
PC

where A is the area of the piston, beam, or tube cross section in square centi-
meters; p is the density of the medium in grams per cubic centimeter; and c is the
speed of sound in centimeters per second. The measured receiving sensitivity is
M = eo,/pp, where p is the average plane-wave pressure. Since the average pres-
sure is indistinguishable from a uniform plane-wave pressure, the receiving sensi-
tivity M will be the same as the free-field voltage sensitivity. The transmitting
response is Pp/i, which, again, is different from the free-field transmitting current
response.

Plane-wave reciprocity, like cylindrical-wave reciprocity, is a specialized
method. In its original form as developed by Simmons and Urick, it is useful
only with large ultrasonic transducers. In a modified form, it is used in a tube at
audio frequencies. Tube reciprocity is described in the next section.

Plane-wave reciprocity, like cylindrical-wave reciprocity, is used in the Trott
near-field techniques and can be combined with self reciprocity where

MU1  (i--)VP. , (2.27)

2.3.6 Tube teciprocty

Tube reciprocity requires the use of the three transducers labeled P, T, and H
in Fig. 2.11; P is the projector, T is the reciprocal transducer, and H is the hydro.
phone. The second projector P is used as an active Impedance to control the
reflections from the left4and end, thereby controlling the wave conditions in the
tube. The conventional three measurements of FIg. 2.5 and Eq. (2.17) are used
to calibrate the hydrophone. Tite two measurements P -. T and P -+ H are ob-
tained with the arrangement in Fig. 2.11 a. Sound emanates from P and travels in
plane progressive waves past H and impinges on T. With proper control of the
niagnitude and phase of the signal to P' with respect to the signal to P, the waves
impinging on T are not reflected; all the sound energy is absorbed by T or pas
on to be absorbed by P. The measurement T -* H Is made with the arrangement

2~ shown tn Fig. 2.1lb. Sound now emmates from T. Plane progressive waves
travel In both directions and are absorbed by P and P'. In this ease, P and P' act
as the characteristic Impedance of the acoustic transnission line.

altty gives the reciprocity parameter for this method as J a 2A/pe where A Is
ie cross section of the tubei7t18 Although the parameter? Jis the sane as that

for tile plane-wave reciprocity method, there are several important theoretical

I.. and practical differences between Sinmmons and Urick's plane.wve reciprocity
and Weatty's tube reciprocity, In the tube, ihi transducers are not in the near
field of each oditer. The transducers may be very small, and rie reciprocal

4 transducer T and hydrophone 11 must be smaller than the cros section of the
!*. tube. Thus, when T is traiwtittiA there is a regio neat the ttansducer where

),t ... ?
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e PT 6 P

PP

(a)

em

T .- HP

(b)

Fig. 2.11. Two UUragIltSM-1 for mcaubrnonLs in tube :cciprovity weaiton.

the sound enlergy diverges from tile transducer beforo It propagates as plane pro-
,wessive waves. Ini practice, tile same is true for the projector P. Cwitinuou-.
wave ratlier thanl pulsed sound Is used in thw tube. The high-froquency limit forU the tube method Is Sot by the tube diameter. When the diameter is greater diati
about otte third of a wavlength, the sounki pressure no longer is uniform In a
cruss-se'ionl planle.

Ite rxveivitir sensitivity M11 of the hydiophone mteasured Ili thle I-lbe Is tho
satin as the tiee4oId vohage sensitivity, Mie receiving Sen'drvity, Mr. of the
teiptoe4 transdlucer Is tht- sanme as the free field voltage sonsitivity, If tlw ttans.
Jkledt Is not fosoni-ilt. If It Is resonunt, a fraquoney adjustment or correctionl
j meJ( I, Af) niust he used, Tite termt Af Is td diffe-ence between tile resonance
frieq uuny In the wubw and in a free field. I liemeast kred frequenicy is r. and the
adjusted frequelwy isf.

'nit tube rccipri~ety uwiliod is usefull ftiv calibrating; vesoitant 'transducers Ili
htidi ipte sur vessel. The Underwater Somid Reftionce Division of time Naval
ltewaich Laboratut y (USK~ I)NRL) has a tube 50 ft long mid I$ in. in Iianitot
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for hydrostatic pressures to 8500 psig and frequencies from 40 to 1500 Hz, and a
tube 8 ft long, 8 in. in diameter, for hydrostatic pressures to 10,000 psi and fre-
quencies from 10 to 4000 Hz.

2.3.7 Coupler reciprocity

The term coupler as used in acoustics refers to a small chamber that is used
to couple or connect a projector (or loudspeaker) and a hydrophone together
acoustically. The chamber is small in comparison with a wavelength of sound in
the medium in the chamber, and the chamber boundaries have a high acoustical
impedance. The sound pressure is then essentially the same everywhere in the
chamber, and the sound pressure produced by the projector is the same as that
acting on the hydrophone.

A coupler chamber is similar to the small tanks discussed in Section 2.2.3 for
comparison calibrations. It differs in one important respect, however: Whereas

.' the pressure in the tank in Fig. 2.3 is the same everywhere except near the sound
source, no such exception is allowed in the coupler. The acoustic mass m in
Figs. 2.3 and 2.4 must be eliminated so that the pressure acting on the hydro.

-., phone is the same as the generator ptessure. This is accomplished by making the
chamber extremely small-so small that the transducers usually are inserted only
partially into the chamber; that is, the transducer diaphragms form part of the
chamber wall or chamber boundaries.

Figure 2.12 is a schematic diagram of a coupler containing three transducers.
As in the other reciprocity methods, P is a projector, T is a reciprocal transducer,
and H is a hydrophono. The same three conventional measurements of Fig. 2.5
and Eq. (2,17) are used. The reciprocity parameter in this case is I a 2nrjt,
where f is the frequency and C is the acoustical compliance of the medium and
medium boundaries when f Is transmitting. 1Ite electrical analog of the acoustical

*' system is the circuit shown in Fig. 2.13. It is assumed that the transducers,
chamber cavity, chamber walls, and so forth in Fig, 2.13 are all stiffness or cont.

*. ptlsnce controlled-that is, all resonances are at frequencles above the applicable

Coupler reciprocity is feasible only for the calibration of small, hard hydro.
* .. phones at low frequencies where the free.field voltage sensitivity and pressure

sensitivity are the sane. It Is most useful for calibrating peclal hydrophones at
very high static pressures. The hydrophones must be special In the sense that the
coupler and the hydrophone must be designed to be compatible with etach other
in terms of size, shape, and means for bring!n the electili igals through the
chamniber wall.

*,Since the chanbc volume of a coupler and the compliance C mr low, the
projector needs to provide only a small volute velocity to produce measurable
sound pressure; therefore, snai) lizoelectric or pioocerainic inotors cas be us.d
at low frequencies, In practice, P, T, and H frequently are alike and the bask
desig* is that of a suall omnldiectional hydrophone.

.J
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OPH&eTM

--". 01 P T

." "LIOUIO

Fig. 2.12. Diagram of a reciprocity coupler chamnbor;P is the projector, H. is the hydro-
phone, and T is tho reciprocal transducer.

vp

P I-
r T"*.- cp- -. T

1,4t. 2,13. E -eticat uatlo of the systei n M& ,2,12, Cpw. C1 . CL, and CT
are the acousticWl conUances of the projector, walls, hydiophone, liquid, and
-eclpfocad tAlsdu1. IpsQtivly, pp ad r r I tho blocked prosaaea of P and
T. cveId).

* Figure 2.14 shows a coupler used ut the USRD.NRL to calbrale it primaty

standard hydroplione in tie hydrostatic pi scwe range 0.16,000 psi apd the fie.

(' ePey rage 20-3000 Wt.19
'iTh Ownrber walls and tranduccii in this systein are very rigid. Tile cllpli-

ace C, atrWWbuled onfil~y to the hamiber fluid, is etunuted from

C V::c- -p, (2.2S)

-Iwd V v% the volue W the fluid m cubik Centiuiwt et, p is the fluid de&ANit in
taw pet cllt, .i' i, tilt Sivd of' ouild in lhe fluid ilt cftilsec all A1 is lite
_*.. di"abatut otn ibiiht in (f- uitihal volunle chl|ngc per Ilicrobar. The fluid In

couplet wad nr bo witer, Castor oil or liconc oi is used in tie USD-NL L



40 METHODS AND THEORY

HYOROPi4ONE

,-PRAMPUFIER

OIL FILLER PLUG

R~IL-8 -T GAIJC al PUMP

Fig. 2.14. System for mecprocity coupler callbrtln.

system because thie piezoelectric or piezoczamic projector and reciprocal trans-
ductr elements titan can be directly exposed to the mnedium.

A steel chemical-reactiwi vessel 5 In. in dianicter and 20 In. long designed for
15,000 psi is used it a coupler system at the Canadian Naval Research Establishi-
mernt (CNRJ3).20 A chamber of this size allows some choice in the transducers
used and caibrated, but at a sacrifice in frequency bandwid th. Thto high-frequency
limit of the CNRJ3 system Is about 400 tiz. Theo compliance C of the CNRE
chomber is mieasured rather than computed. A precisely measured volume of
fluid AV Is forced Into thelicamber to raise the hydrostatic pressure by' the
amnwt tp. Thein, Cm LW/tp. The pressure chaige tp is mieasured by apros.
sura balance commercially available from the Amearicun Instrument Company,

-'Silver Spring, Md. This Is a static or isotherinal measusemeont rather thtan die
adiabatic or dyimmic ineasuremeilt that Is noedud. This difference introduces a
ull ertor.

In a Russian version of this tochilique'21 tile conlthawe is melasured by
Inserting u saiall tube into the chamber and daterining the floluiolu resonance

4 for two cwidlfions of' watet mast i tie tube.
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The most troublesome problem in a coupler reciprocity system is the complete
removal of air bubbles. Since the acoustical inipcdance of the parallel combina-
tion of the medium, chamber walls, the transducers is very high, a small bubble
will raise thle total compliance, reduce the pressure, and increase the pressure
gradient. In terms of the electrical analog of Fig. 2.13, a bubble will short circuit
the whole system. Sometimes the bubble problem is so persistent that measure-
menits at atmospheric pressure cannot be made. A small hydrostatic pressure,

a such as 50 psi, is needed to force the air bubbles into the liquid as dissolved air.
The electrical impedances of the transducers usually are very high, which

ci~uses problems with electrical cross talk-that is, the transmission of electro-
m agnetic signals between transducers, by-passing the acoustic link. The wire mesh
screens in Fig. 2.14 are used to reduce cross talk.

The high-frequency limit of practical coupler systems is set by either the size
of the chamber or the resonance of some part of the system. The low-frequency
limit, 20 Hz in both the USRD.NRL and CNRE systems, usually is set by the
problem of driving a small high-imnpedance piezoelectric element elcetrically at
in frasonic frequencies.

The coupler reciprocity method is simple in theory. It is aI reliable and
piacticabl. method for calibrating a hydrophione at low audio frequencies and

Wd high hydrostatic pressures. It is not a versatile method in that not just any
hydrophone can be calibrated in t coupler system. For this reason, the method
is used oniy for tile primary calibration of ove or a few types of hydrophones.

23.8 Diffuse-sound reciprocity

5 Diffuse-sound reciprocity has been usedl primarily in air acoustics by
i~iostel.22 It doinclustratos the versa'tility of the reciprocity method, however,
a id no diwussion of to, iprovity calbratior. would be complete without It.
Diffuse sound is iound with completely raniJoni direetioii. Theo diffuse sound
M isitliiy of a hy'drophotio it, thr ratio of the nos oposi-circuit voltage output to

11vms prtessure )r the diffuse siound field 1..-fore insertion of tile hydrophiv.
U S'101 a senisitivit) is usefu i amlbienit nloisecsre1n, for "an'Ple. It a

hydiophove Is oninidirectiottal, its difuseso'wnd avid piane-wave sensitivities acc
tliv Same, If th14 hydrollholle is lict oalfldlsovional, tile two sonsitviti:5 ave

* difetant and are related by the dire~etivity fI'a UrR0*'that Is,

Wtore the subseripis df .'od f refer to diffii. h~el~ atd freef ,a rst~iey
1 )w value tf 4, 1 _IuI be ciliputed If both R( lid AllI are known, 1110e threctiilty

1tIo s (J~figuh to lwour Iccurately, ho .70vot, dxtopt (osr tle silit'le a
* 'Whom e h e te-d mubof1siol'itll directivity patteit is sanitnotrwal about o

ItIl. 111 son"livity 'tI ) atl bW n asurd dicl by thle dlftufuwmd
foclproclit Calibra doll lothod.
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Suppose we have a reverberation tank or room with good diffusion charac-
teristics-that is, with many asymmetrical reflecting boundaries so that the
steady-state sound level is the same everywhere except near the sound source.
Place the usual projector P, reciprocal transducer T, and hydrophone H in the
tank. Let the projector transmit sound into the tank at a steady rate. The
sound pressure in the tank will rise until the sound power lost into the tank walls
equals the sound power delivered into the tank by the projector. In this steady-
state condition, the sound field at any point in the tank can be considered to be
composed of two parts: (1) the sound pressure P" received directly from the
projector, and (2) the diffuse-sound piessure Pdf received from a large number of
image sources outside the tank. Tie direct-sound pressure is the free-field
pressure-that is, it is the pressure that would exist at the point if all the reflecting
boundaries were removed and the projector-emitted power were unchanged, The
direct-sound pressure is spreading in spherical waves, and thus the amplitude is a
function of position in the tank. The diffuse-sound pressure is the phasor sum
of the pressure from many randomly spaced image sources and therefore is inde-
pendent of position.

The three transducers must be placed so the receiving transducers (T and H)
receive essentially only the diffuse-sound pressure p from the transmitting
transducers (P and T); that is, pa>> Pf. The direct or free-field pressure pf
can be made small by making the tank large so as to allow wide separation of the
transducers. The diffu.me pressure pd can be made large by keeping the wall
absorption low or reverberation time high.

With P. T, and H properly placed, the same measurements of Fig. 2.5 and the
same formula or Eq. (2.17) are used to find MAg, As in the other variations of
the reciprocity method, only the reciprocity parameter changes. The diffuse.
sound reciprocity parametcr Jd is given by DIestel22 as

Pt (2.30)

where p is the density of the water, tis frequency, V is the volume of the tank, c
is the Weed of sound, nd t lithe Sabine reverberation time or the time In seconds

,j required fur te diffrusm4ond level to decreaw 60 dB after the sound source is
stopped.

* At wine distance th from the source, the diffuse sound and the direct round
will be dte same. Viestal shows that Eq. (230) can be put into the form

If the wipocal traniudcet is 7idivectional. Then,i is similar to the pladevial
wave para"WtV J - (2 Ip)10 7 , as would be expected, since the diifwe.owul

S
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pressure is the samne as the free-fiwld or dircct-souiid pressure at the distance it
centimeters from the soure.

The major problemn in this kind of calibrationi is obtaining a good diffuse-
sound field. Transducer positions near wal~s muvst be avoided. A narrow band of
white noise or a warbled tone usuaily is use~d to produce a miore uniform diffuse-
sound field. In air acoustics, large roomns are needed. Diestel's roomn was approxi-
mnately 15 x 20 x 25 ft. A tank or 'other reverberant body of water would have
to be extremely large to be useful for underwater diffuse-sound calibration
measufements.

2.3.9 Generil and ini-situ reciprocity

Ican be shown that a reciprocity calibration theoretically can be performed
under any boundary conditions of the mnedium. 10 It is necessary only that the
bounded medium itself obey the acoustical reciprocity theorem. That is, it must
be linecar, passive, and reversible. As can be seen from the various reciprocity
paramietes, J k dependent on the charavteristics of the medium, the miedium
boundaries, and sonie dimensions, The dimiensions appear to be. and usually are,
transducer dintonsions. This, however, is nut requoited by theory. In the tube
reciprocity, for example, lte arca A has no relation to the transducer dimen-
s oils, it is lte area over wich both the transinitted and received prvessurcs of the
iciprocal transducer are mecasuredt. For lte general case, lte recipeocity param-
% r is dependent on lte manner in which Al and S ore defined. Vistiahl~ a traits-

t iar T of arbitrary shallc in a medium with arbotrary noundairy konditioits. as
i own In FIS. 2.15, Lot the litisinitting respone S bo deflited zis the average

I pressure producvd over the area A, per unitinucret.Tais

I 4ca tilt, mixtVt.- wtsel460) At be dehned '1s the ouxti'ellult output Vdit*0 P&r
lift Pr1ula ataased owlerlite arei A'0' 1114t i.

j (2 4)

4-0

'R1

4in
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': , Boundary

i-"' 'of medium

---=.-- '

,I /

Fig. 2.15. Transducer T of arbitrary shape in a medium with an arbitrary
boundary; A. is the area over which the transmitted pressure is measured, Am is
the area over which he received pressure is-measared, e is voltage, and I is cur
rent.

where u(A,) is a volu('fP velocity emanating from A, and p(Am) is the resuling
average pressure over the area Am. In the spherical-wave case, A, and Am are
vanishingly small spheres, or for practical purposes, points. In the cylindrical-
wave case, A. and Am are lines (cylinders with infinitesimally small diameters).
In the plane-wave and tube cases, A. and Am are areas (actually two parallel
plane areas separated by only an infinitesimal distance). In the general case, J
is an acoustical transfer admittance between the two areas A, and Am specified
in M and S of the reciprocal transducer. Since the modium is reciprocal, the
transfer impedance must be the same in both directions. Thus, J can bp di;fined
also as u(Am)Ip(A,), as was done in Section 2.3.

Sometimes J cannot be computed because the boundary conditions are un-
known or too complicated. Then one can use Eq. (2.17) in-a backward sense,
That is, if a calibrated hydrophone is used and M is known, J can be the unknown.
Suppose, for example, it is necessary to monitor the calibration of a transducer
in a remote position on the bottom of the ocean. The usual trio of transducers
for a reciprocity calibration are fixed to some framework and lower to t"e
ocean bottom. The usual reciprocity measurements depited in Fig. 2.5 arc made
through long cables. The receiving sensitivity M of the hydrophone already is
known. Therefore, Eq. (2.17) can be used to compute J. This In situ J is valid so
long as the boundary conditions do not change, In a stable environment, the
boundary conditions may remain unchanged for a longer period of time than
does the hydrophone calibration. Thus. reciprocity calibrations can be repeated

S*1i
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at intervals of time, and the calibration depends on the in-situ J rather than on
tile original hydrophone sensitivity MA

2.4 Two-Projector Null Method

The two-proje :tor null method (TPNM) 23 derives its name from the use of
two projectors and a technique whereby a known electromechanical force is
bi lanced against :,n unknown sound pressure to produce a null, or zero m-otion
ol a diaphragm. A TPNM system is shown in Fig. 2.16 and the electrical analog
of the acoustical system is shown in Fig. 2.17. The two projectors are driven
ei,.ctrically by the same oscillator with a provision for controlling the relative
ph ase and amplitude of the two signals. The diaphragm of the null projector then
is acted upon by two forces: (1) the elect romechanical force F of the null
piojector. and (2) the force resulting from the acoustical pressure p, produced inl
the medium by thle source projector, acting or, the null projector diaphragm area
A. With the phasc and amplitude control, these two forces can be made equal in
magnitudc and opposite in phase. The balancing-to-a-null procedure in the elec-
tri~al analog reduces the velocity u to zero, thereby making p and FA the samne.
Tle diaphragm motion detector then indicates a null condition. The two forces
art equal:

pA F (2.35)

A moving..eoil transducer is most suitable for dhe null projector. Foi such a

transducer,

F BL1 (2.36)

wvh ra 8 iN the magnetic tlux density* L is the coil lengtii, and 1 is the t urront.

8I A (2.3?)

r~hoe oprossli IA is a constont. indepondetit of frequency. itnd stable with
010. It ORn be MOUSUved statiCally by bulaiMIL11% a small nionsu-abl 01:11180 Ill
the~ Iydros.tatl pfossure 4pk with a. dirca. current itle thiougli the wiill pro.
jeciar. Then,

- "Ir - . . i . . (2.38)
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Hi'OROPHONE

N ~DIAPHRAGM MOTION N~ULL/lii OUC
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Fig. 2.16. Two-projector null meothod calibration system.*

ZNP DZ

NULL SUC
PROJECTOR PROJECTOR

Fig. 2.17. Eloctrical anaog of mnoustoa iytm 1A Fig. 2.16.

The pressure chaige is easy to obtain. If the water level over the null projector
is alterW bv h: ceri~neters, then Ap, = pg/i, where g is the acceleration due to
gravity In m/,= 2 an4dp i; tie density of water in g/=m3.

If ta hydr-qphone Is -pieced noui the null. projector dia~hagm, the hydrophone
* sonitivty Af.ii &ivn by.

NOMe ''%e' trairducer imedc0 k o n ft e hr systemn impedances

Ahdoiiih he nstIs~ ml s usoful at low fr ece n nsmall chambers,
ii -can be, 'usd und~.r mviy other boundary condltione, hlcludln free field. It is

* !Ieessry only, Ota the hy4jophone be near enoughi lo'the. iull projector dia.
p qx~tta t W-1s subkcct to .the saw umwd pmreanr 6. sh diaphrop. to
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method is applicable only to nonresonant hydrophones, because the hydrophone
radiation impedance in the null projector system will c iffer from that in a free
field. This difference can be neglected at off-resonanc," frequencies. As a prac-
tical matter, the hydrophone also must be hard because a soft boundary will
result in pressure gradients, and the pressure at the null projector diaphragm then
may differ fiom that at the hydrophone position.

Various schemes can be used for the diaphragm motion detector. Usually, the
3 ]metal diaphragm is a part of some electrical system, and the motion produces

changes in the system. For example, the diaphragm can be one plate of a capaci-
tor, or be part of a magnetic circuit. The detector does not need to be calibrated.
The null projector diaphragm will have a resonance below or at the low end of
the TPNM system frequency range and therefore will be mass controlled. The
displacement will be inversely proportional to the square of the frequency; the
velocity will be inversely proportional to frequency; the acceleration will be
constant with frequency, An acceleration detector, therefore, would be pre-
ferred to a displacement detector; however, the static measurement of BL/A can
be made only with a displacement-monitoring device. For this reason, the Under-
water Sound Reference Division of NRL, where t.h TPN method originated in
1955, uses a commercial displacement detector manufactured by the Bently
Scientific Company. The maximum frequency of the USRD-NRL system, 1000
Hz, is determined by the sensitivity of the displacement detector. A combina-
tion detection system, consisting of a displacement detector for static and infra-
sonic frequency measurements and a velocity or acceleration detector for audio
frequencies, could be used. Other problems with resonances and short wave-
lengths restrict the use of the method at frequfncies above 1000 Hz, The method
has no low-frequency limit; USRD-NRL uses it from 0.3 to 1000 Hz.

The main advantages of the method are freedom from any acoustical imped-
ance measurement and absence of any restriction on tank size. The main dis-
advantage pertains t% practice rather than theory. If hydrostatic pressure is a
variable in the calibration, the relatively fragile null projector diaphragm twist
be pressure compensated: that is, thc( air pressure inside the transducer must be
equal to the hydrostatic pressure in the tank within about :t2 psi. The pressure
compeatsation system along with normal filling, circulation, and vactuum vaquik-
ment (to aid in eliminating air bubbles) all result in considerable plumbiog,

2.5 Impedance Methods
The impodance method is a c€ass of absolute calibration nethods in wlkh.h th,

acoustic pressuro is foand from soi characteristic of P sound source (prslc,,
velocity, or displacement) and the acoustic impedances of the :o(Mi4i vid
nmedium boundaries, The genoral eas,, Is represented by the electica, Anadog in
Fig, 218, Wilh sufficient knowledge about the partemeters p", U. Z5, and 4.
the sound pressur p in the medium can be ,laterinihed. As with the cimila.r ",wo
of Citparison calibrations in small tanks (Se.i.fio 2,2.3) and coupler recipirtiy

.

.oil"
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(Section 2.3.7), only the pressure sensitivity of smal, hard hydrophones can be
measured, and this only at low frequencies. The volume of the medium is small;
that is, the maximum dimension must be a small fraction of a wavelength in the
medium. The hydrophone sensitivity M = eol/p is found from a direct measure-
ment of eo, and the indirect measurement of p.

Fig. 2.18. Electrical analog of
Z. acoustical system used In inped-

aice calibration methods.

There are two general types of impedance methods corresponding to the two
types of acoustic reactance. In the first method, the medium is compliance
(1/1wC) or stiffness (s/ w) controlled. The terms compliance and stiffness both
are used in acoustics. Stiffness isa term carried over from mechanical engineering.
Compliance is more useful in acoustics, and will be used here because it is di-
rectly related to electrical capacitance in olectroacoustic analogs, whereas stiff-
ness is inversely related to capacitance. In complance-controlled systems, the
medium is assumed to act as a massless spring and the sound pressure is a result
of compression and extension of this spring. In theecond method, the medium
is mass (Uorn) controlled. The medium is assumed to act as a nonelastic mass,
and the sound pressure is a result of the inertia of this mass. Both methods are
iow.frequency approximations, but can be extended upward in frequency if the
system can be described by wave equations. Closed chambers are used for
compliance-contrulled systems, and open chambers for inertial systems. The
compllance.controlled systems have been called pistonphones ever since E. C.
Wete24 first devised this technique in 1917.

2.5.l Pistonphone m hods

The pistonphone is one of the oldest absolute calibration techniques. In its
original form, it was used only for calibrating microphones. In several modified
forms, it has been uwd to calibrate hydrophones. It consists of a small gas.filled
tiamber and a piston sound source, as depicted in Fig. 2.19. The piston in the
oriinalversion 24,25 is driven by an electric motor, and in later veotsons26,27,28
by a moving-coll transducet. Its displacement amplitude Is measured by an
optical system. The nmin requirements of a suitable driver are the capability of

,4-'
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* , vibrating with large displacements and a convenient means of measuring the dis-

placement. The volume displacement X is found from the linear displacement
and the piston area. Then,

p = UZrn= (jwX)Z,, (2.40)

* where U is the volume velocity and Zm, is the impedance of the medium in Fig.
2.18. It is assumed that resonances in the medium and boundaries are at fre-

* S quencies higher than the frequency range of the system. That is, we are dealing
* with a purely elastic impedance,, and 4, is a compliance I/jcoC. The impedance

Z.. actually is the compliance 01 the parallel combination of the medium C,,
the chamber wall, and the microphone. The latter two compliances usually are
much smaller than Cm,, so that Zm, = lIkjwCm.. Then,

)C3C CmWX I (2.41)

From the gas laws, Cm. = V/ypo, where V is the voluine,po is the static pressure,
and y is the ratio of specific heats for the gas. Some small corrections must be
made to C,,,, depending on the heat conduction of the chamber walls. The reader
is referred to the references 24-28 for further details.

BlROD

DISPLACEMIENT

Fiag. 2.19. Psonpitoiw oibtaiwt.

The tilt piltoon1e c'w be osed to calitirate hydrophiwta , but for this
purpose, tlw method has one inaJor drawback. 1the air chamuber must be Smtall,
or, alternatively, ihe upper frequency Will must be low. The upper frequency

wh I100
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limit of chambers only a few inches in the largest dimension is about 200 Hz. A
water.air pistonphone has been used to circumvent, in part, this drawback. A
water-air pistonphone is shown in Fig. 2.20. A larger chamber is used, but it is
filled mostly with water. Since the wavelength in water at a given frequency is
about 5 times that in air, a dimension in water can be five times the same dimen-
sion in air without affecting the "small in comparison with a wavelength" criterion
for the chamber. Thus, a large hydrophone can be accommodated. At the same
time, Eqs. (2.40) and (2.41) are unaffected. The compliance of the water is
very much lower than the compliance of the air, so that the water compliance,
like the wall compliance, can be neglected. The sound pressure still is approxi-
mately uniform throughout the fluid mediums and is the same in the water as in
the air. The electrical analog of the water-air pistonphone is shown in Fig. 2.21.

¢4•

compliance C. of tie medium, conssting of the parallel combination of the wall,
water, and hydrophone, must be measured with sot-e kind of static technique
(swe, (or example, references 20 and 21). The sound source must have a known
mechaica imedane Ze mid its bloktd preite pb mwt be mneasurable. A

.
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AIR

Fig. 2.21. Electrical analog of water-air pistonphone. Dashed lines indicate that the
impedance of the water, hydrophone, and chamber walls all are high enough to be
neglected in the parallel circuit.

moving-coil transducer sound source meets all requirements. The blocked pres-
__ sure is given by

BM
Pb (2.42)

44 where B is the mnagnetic flux density, L is the coil length, i is the current, and A
is the diaphragm area. The impedance Z,, consists of the diaphragm mass and
compliance of the spring suspension of the diaphragm. These are measured only
once and thereafter are assumed to be constant. Then, from Fig. 2.22,

1W. BM

Pb IBV

Ili finpcclanct IlwC, always will b ihtoeoe i ubeSr

pakts thin$. 5. A ale pios a- ote lo.w ...- dace cal hav larg efet oil
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acoustic pressures, higher upper frequency limits, and larger hydrophone size
than an air pistonphone. A water pistonphone was used at the USRD.NRL for
about ten years. The chamber was 10 inches in diameter and 24 inches long.
The upper frequency limit was 200 Hz.

The value of C,, depends on the compliance and size of the hydrophone and
hydrophone cable, and on the vagaries of the water medium. It must be
measured for every calibration. The need to repeat this measurement is the
main disadvantage of the method, and it was because of this that the USRD.
NRL water pistonphone was superseded by the Two-Projector Null Method.

A final variation of the pistonphone method is called a pressurephone. 29 In
Fig. 2.22, if I/cICm >>Z, Eq. (2.43) reduces to

' BLi
P Pb A' (2.44)

and impedance measurements are eliminated. The value of Cm can be made very
low by using a very small chamber. This reduces the versatility of the system,
however, and the pressurephone therefore is most useful for the absolute calibra-
tion of specially designed standard hydrophones only. Figure 2.23 is a sche-
matic diagram of the USRD pressurephone. The frequency range of the pressure-
phone is much larger than that of other pistonphones, because the chamber is so
small. The frequency tango of the USRD pressurephone is 10 to 3000 Hz.

HYOROPHOME

/ UOVINC-CCAL

DIAPHRAGOM!:2 ~ OIL ON,
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2.5.2 Inertial methods

The two known sys'.ems for applying inertial methods are the Sims Calibrator30

and the Schloss and Strasberg shaker. 31 Both of these devices contain tubular
chambers that are short acoustic transmission lines and therefore are amenable
to wave aalysis. This method therefore will be discussed in general terms, and
then the low-frequency approximations will be obtained as special cases.

*Suppose we have a rigid-walled tube as shown in Fig. 2.24. The diameter is
much smaller than a wavelength of sound in water, but the length L is unre-
stricted. The column of water is set into vertical oscillation by motion at the
bottom. The bottom in the Sims Calibrator is the diaphragm of a moving-coil
transducer. The whole tube in the Schloss and Strasberg technique is vibrated by
a vibration generator or mechanical shaker. The cylindrical walls also vibrate
vertically in Vie latter case, but this vibration contributes nothing to the sound
pressure. Given the boundary conditions that the sound pressure at the water-air
surface is zero and at the bottom ispL, it can be shown that the sound pressure
Pa at any depth d is given by

sin kd
Pd P f si n U (2.45)

where k is the wavenumber 21/N = w/c. If the vibration velocity of the bottom
is x and ZL is the load or specific acoustic radiation impedance on the bottom,
then

PL XZt, (2.46)

From transmission line theory, a jp¢ tan k,, where p is the density of water
and c is the speed of sound in water, The speed c in a tube Is the sane as the
speed in a f reL field only If the tube walls are truly rigid. In practice, the walls
have a finite inpedance mid c is less In the twbe than It Is In a fire field. Ilien

PL x, A n k) (2.47)

v teank U i" W) (2.48)

*Vpe sin kit

1
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*'" -' (p~ o)

d

HYDROPHONE (PPd) Fig. 2.24. System for inertial impedance

cabration mathods.
L

* WATER

Equation (2.49) is rigorous for any length L, if there is no energy loss in the
tube. With the usual low-frequency approximation kd << I and k << 1,
Eq. (2.49) reduces to

.p.I Q (pdW. (2.50)

Equation (2.50), a form of Newton's second law of motion, shows that the pres-
sure is a function of the inertia of the water mass above the depth d. The re-
ceiving sensitivity M of a small hydrophone placed at the depth d then is

M . e( e.,w cosk , eo

Pd *;i d  ima-' (2.51)

Scholss and Strasberp give a crossuection criterion, The zadius P of a spherical
hydrophone is limited by x << r << d. That is, te hydrophone rtadius must be
much lager than the drving amplitude x and much smaller thin the depth. A
small line hydrophone inserted alorig the *wbe axis can he calibrated, provided
that the pressure Pg Is lnear over the length of the hydrophone apd d is measured
fron the midpoint. The effects of the greater sound pressure at depths below d
and the lener sound pressure at depths above d will produce ati average presure
equal to the midpoint pressure.

In both versions of this technique, the hydrophone Is supporstrI from a point
that does not vibrate, The hydrophone, therefore, also is subjected to an owl-
lating pressure due to the periodic chtange in depth. This pressure is very small an
comparison with the inartial pressur except at vety low t'requeticln (IOUs sh"
10 1h).

ni 4,,

4t
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Schloss and Strasberg measure x directly with a calibrated accelerometer. The
current driving the moving-coil transducer in the Sims calibrator technique is
measured and the force factor BL and mechanical impedance Z of the transducer
must be known. Then the blocked pressure at the diaphragm, which forms the
bottom of the tube, is given by

-BLi

where B is the flux density, L is the coil length, i is the current, and A, is the
source diaphiagmn area. -11e system can be depicted as in the analog, Fig. 2.2Sa,
At frequencies above the tra.isducer resonance and below the tube resonance,
the approximation shown in Fig. 2.25b can be used. Here, Pd is the pressure
measured across only that part of the water mass load between the depth d aid
the surface (d =0). All parameters in Fig. 2.25 are constants except i and d.
Therefore, once the system is calibrated, pd becomos a function of i.

EL d Mil

Pd A, ALA 2  (2.52)

where m,, and m,, are the masses of the water column and the source transducer,
riespectively.

If the diaphragmn area As and thv tube cross section area A are not the same,
there will be a short divergent region near the diaphragm. The hydrophone must
not be positioned in this regio~n.

OIL

t Us. ttectrwal Atialoo~ of Sims1ntW e teian~e colorklion tstem (1k) for sAy
tll L. (b) (ot L << A. ond tat (kaoaud.Wis Above dgivot wuie ecaoaaac.
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The two versions of the inertial method differ only in practice, and the
choice between them depends on cost and convenience in a particular applica-
tion. Commercially available shakers and calibrated accelerometers are readily
available, so that the Schloss ane Strasberg apparatus can be assembled easily.
The Sims calibrator is a specially designed apparatus, and the development and
calibration require some knowledge of transducer design; however, the Sims
calibrator, once built and calibrated, is compact, portable, and easy to use. The
Sims apparatus can be calibrated easily, if a calibrated hydrophone already is
available. Either apparatus can be used for comparison calibrations, in which
case the two methods become almost identical. The Sims calibrator has been
used in many places as a simple and rapid means for the comparison calibration
of large numbers of small hydrophones. Schloss and Strasberg report calibration
data in the 10 to 700 Hz range, and Sims in the 100 to 3000 Hz range.

2.6 Static Methods

Static methods are those in which dynamic calibrations are based on static
measurements and static Impedances. The methods are limited to very low audio
and infrasonic frequencies at which a sound pressure can be treated as a rapidly
changing hydrostatic pressure.

2.6.1 Capacitor hydrophone

A capacitor hydrophone calibration system is shown in Fig, 2.26, The hydro-
phone consists of a capacitor in which one plate has a xpring suspension and the
other plate Is immobile. The suspended plate or diaphragi is acted upon by both
the hydrostatic pressure and the sound pressure in the water, which action
changes the distance between the plates and thus de capacitance. The capacitor
constitutes one arm of an Impedanc: bridge. A carrier frequency at a constant
iput voltage is supplied to dte bridge. The output voltage c, will be a function

of the hydrophone capacitance CH as shown in Fig. 2.27. If Cy oscillates under
the influence of the sound pressure, and if the bridge Is sltghtly unbalanced when
the sound pressure is zro, eo will be modulated by the sound pressure signal fit.
quency, and the demodulated voltage e., will be approximately proportional to
the sound pressure.

The system Is calibrated by keeping e onstatnt, vamhig the static pressure,
and observing the voltage eo. The ratio e0 1e0 can be obtained with an electrical
calibration of the demodulator. The bridge must be. unbalanced to avoid fte.
quency doubling. That Is, in Fig. 2.27 at the value of C where the bridge is
balanced at e is zero, either an incease o.I a decrease In Cq due to a sound wave
will tIcteae e.. Tius, btl the positive and negative halves of a pretsure wave
would produce a full wave tit c. Tie operating imint in the utrve In Fig. 2.27
can be moved away from the null ot balanced bridge point by a bridge adjust-
uent-that is, by changing the value of say of the foWt bridge impedances. It
usually is mot convenient to adjust C*

t:
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MODULATED MODULATION
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Fig. 2.26. Capacitor hydiopkonc citibzatiwi system.
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CH

Ha
dd

Fig. 2.28. Hydrophone capacitance as a function of plate separation.

Since the system is sensitive to static as well as dynamic pressures, the
sensitivity will be a function of water depth. To eliminate static pres-
sure sensitivity, a static pressure compensation system that will equalize
the static water pressure on the outside with the static air pressure on the
inside of the suspended plate or diaphragm becomes necessary. The com.
pensation system must include an acoustic low-pass filter so that static, but
not dynamic, pressures are compensated. Provision is made to eliminate
the compensation temporarily during the system calibration. The static call.
bratlon is vwlid only for those frequencies at which the diaphragm is stiffness
or compliance controlled and dynamic or inertial effects can be neglected. Thus,
the high-frequency limit Is about one octave below the resonance frequency of
the diaphragm.

The one main advancage of a capacitor hydrophone system Is very high sensi.
tivity. Unlike more conventional hydrophones, whose sensitivity depends
mainly on a piezoelectric, magnetostrictive, or magnetic material, the capacitor
hydrophone sensitivity depends largely on the mechanical design of the dia-phragm and the electrical design of the bridge. The softer the diaphragm suspen-

sion and the sharper the bridge null in Fig. 2.27, the more sensitive the hydro.
phone will be. One of the original versions32 of this type of hydrophone had an
over-all system voltage sensitivity of -45 dB re I V/Abar. This is about 40 dB
higher than a typical good piezoelectric hydrophone with a cathode-follower
preamplifier, and about 20 dB better than a good noie-measuring hydrophon

U with 20 d3 of gain in the preampltflar.

42'
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The Jisadvantages of the systemn are thle complexity, the inherent non-
linearity, and the limited frequency range. The high-frequency limit of the
original version already' mentioned was only 75 Hz.

In other versions of this technique, the bridge is replaced by an electronic cir-
cuit in which the amp litude or frequency of a catrrier signal is sensitive to sm all
changes in a capacitance.

2.6.2 Electronic hydrophone

Several manufacturers make electronic vac;uum tubes in which one of the
electrodes (usually the anode) is mechanically linked to an external pin (RCA
5734, for example).33 When the pin vibrates, the transconductance of the tube
oscillates. Such a hydrophone is shown schematically in Fig. 2.29. The output
voltage e is proportional to the displacement x of the diaphragm-pin mechanical

- link. At frequencies below the first resonance in the miechanical system, the
displacement will be proportional to the sound pressure p. The over-all system
proportionality constant, or the calibration ratio e/p, ~.nbe Me asured statically.

aP

MECHANICAL

PIVO

igl 2.29. Wicom tic drawing of an oleutroit hydzophono,

LI-Ae the cttpacilor hydroplinN. t electroic hydrophone can be Iw.Ade verly
* senitivebut it hais u very lintited freq~nicy rgnge.34 It ulso Ila$ a high sehi~floasc
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2.6.3 Variable-depth techniques

If the depth of a hydrophone is varied periodically with simple harmonic
motion, the oscillating hydrostatic pressure will be indistinguishable from a
sound pressure at very low frequencies. If x is the amplitude of vertical motion,
the oscillating pressure is given by

p xpg. (2.53)

where p is the water density and g is the acceleration due to gravity. Then, if the

hydrophone output voltage is e,, the sensitivity Ml is

M !0- (2.54):

The amplitudes e,, and x can have arty standard form-that is, tins, peak, or peak-
to-peak-but the same form must be used for both eo, and x.

The depth car, be varied either by moving the hydophone or moving the
water-air surface. Both methods have been ised. In the moving hydrophone ver.
Sion, the mechanical oscillator, called a dunking machine, consists of a variable.
speed electric motor and a "scotch yoke" or other mechanical link for converting

* rotary motion to linear simple harmonic n.otion. Figure 2.30 is a diagram of the
scotch yoke used by the Navy Underwater Sound Reference Laboratory
(NUSRL). 35 The pin attached to the rotating disk slides in the groove of the
yoke. The yoke atid supporting rod are constrained to move only in a vertical
direction. Then, as the disk rotates, the yoke and rod move up and down sinus.

oldally. The peak amplitude x is equal to the radius of tie pip position.

DISK PIN1

-- CLLOGAPHVOCE

GROOVE

d
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The system contains several sources of dynamic pressure other than the vari-
able head of water. These include (1) the hydrodynamic laminai flow around
the hydrophone, (2) inertia! effects of the medium, (3) inertial effects within the
hydrophone, and (4) turbulence. The hydrodynamic pressures are v functioni of
the hydrophone shape, and it is difficult to generalize on the effect. For simple
cylindrical shape&, the hydrodynanmic pressures are harmonically related to the
fundamcntal frequency and therefore can be eliminated by filters. Inertial effects
of the medium can be eliminated or minimized by properly orienting the hydra-
phone. For example, the diaphragm or active face of the hydrophone should be
in a vertical plane so the water next to the diaphragmi is not displaced by the
hydrophone motion. Inertial effects of the hydrophine elements also can be
minimized by orientation. However, the optimum orientation for the two
inertial effects may not be the same. In an oil-filled h) drophone, the inertial ef-
fects used in the Schloss and Strasberg shaker and doscribed in Section 2.5.2
will be present and cannot be eliminated, Turbulence is the most unpredictable
of the extraneous sources oif dynamic pressure, All fixtures in ie 'wvater should
be streamlined as much as possible. If smnall tanks are used, the motion of the
hydrophone may also excite a "slosh" rum~navrc. This r~ sonance of the 55..tUon
drum used at the Navy Underwator Sound Reference Laboratory w~s at 1.8 Hz,
but it had no significant effe~ct on the calibration pressuie.

These various sources o1* error severely limit thf useable tipper frequency of a
dunking maachine. There i-i no low-frequency limit. Thle NUSRL dunkinE. ma-
chine provided accurate clbratiotis in the rarige 0.3 lo, 4 Hz, Withii tile fre-
quency range where the extraneouis sources cc pressuwe can be neglected. the
dunking machine is a simplv, straightforward cal'brating system.

T1o alternate method, iii which the hydrophono is 'tationary and the water.
air surf?ce Is moved, can take two formns. The whole i,:rnk, or at least the whole
water volume, can be moved, as was done in tE .: lnerii,! techniques described in
Section 2.5.2, or only a sinal! part of the system can be iliovedl as in thc Golelikov
technique 36 shown In Fig, 2.,31. The dynamic pressuie that is due to variable
depth, inherent in the inertial techniquies, dues not btvome large in comparison9 with (lhe dynamnic Inertial pressurvs untol very low frequencies are used. Fromt
iiqs. (2.50) and (2.53), it :an be shown that lte two pressures become tquW
when~ W7 =/01. Pot a deplt of 1t) cni,.this frequeacy is 1.6 l1k.

Iii lte Golvykov techwiquc, omrly thie viiall uppL-t dianibe.- oscillates. it is
drivcn vertically by a rnechanival owillator slknilar t:, thai described for the
dunking tuachine. The variable heaid of W310er theta act. OR the s5lttIonary liydro.
phone in lte lower chmber. Tile conniecting tutidig umust, of course, be co.
Tllnnt This technique elvainates turbulence, ood to oraa extent lte inertial
pressores. It also allows l-Irge ost. illation amlitudes. 1Th0 two eaanbrs and
cone'cing tube have roswintnes Wilat to those it) a Helmlwl,0tZ resoniator,
howekvr, gind lte useful uppor froqueuicy limit for this lechnique is lowor &A11
that tot thle dulikW6 111whine. Uqtkav toports the lkimoeueucy limt as
abou i I Wi.
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WATER

MECHANICAL
OSCILLATOR

HYO

Fig, 2.31. Golonkov cafibution system.

2.7 Impulse Method

4" The impulse method is used for the rapid calibration of small piezoelectric
hydrophones in the frequency range below the fint resonance. The method con-
sists of subjecting the hydrophone to an impulse or sudden change in static pies-

' sure 4p and measuring the initial voltage eo or the clcctric charge Q produced by
the piezcletrit crysUl ot ceramic element. Then the teceiving "nsitivity M is
found from

wiete Cis the electrical capacitance of the hydrophone.
.ftei a pressure impulse, the charge leaks rapidly through tie slhunt resistance

R acto.s dte cystal electrodes, and the voltage rapidly drops from its initial
value. There'oe, the voltage eo must be measured quickly. Alternatively, the
charge Q can be measured as it discharges through a ballistic galvanometer. Either
n•easumient must be made in a tite short in comparison with die time constant
AC of the system. In the voltage nreastareunt, A ,uid C hrlude the input of die

4i

LI
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voltmeter as well as the crystal shunt resistance and capacitance. An instrument

LI such as an electrometer that has an extremely high input impedance should be
* .... used. Typical voltage -versus-tinie curves for cach type of measurement are shown

in F ig. 2.32. The ballistic galvanometer measures the total charge over the whole
pei iod of discharge, whereas the electrometer must measure the initial voltage eo
at the beginning of the discharge. Thus, although both eO and Q must be
mevasured iii a time t «<RC, Q is measured ovex a longer period than eo and is
less susceptible to error caused by slow measurement.

..- BALLISTIC GALVANOMETER

'TIME C

Fig. 2.32. %oltage Inipulso output of a hydiophone measured with an
clecthoniter aiid a ballstic ganornetor.

The pressure inpulse LAp must be applied rapidly. Thto required speed Is most
easily achieved by the quick relo~sc of a sta tic pressure rather than by a quick
application. Figure 2.33 shows a simple arm ngenient for doing ths. The hydro-

-,phione Is subjected to a static pressure from the doead welit of lte mass #I.
Atier the charge due to thio pressure loaks off, tie crystal electrodes contain no
ti Ie charge. Theo wass )n then is snatched or quickly removed, thereby suddently
reiducing lte pressure. Pius, Ap actually i a negative change. An alternative
techtnique used by the Atlantic Research Corporation, manufacturers of coun-

* meteial hydropholes, is illustrated by tie dashod-line put( of Fig. 2.33. flere,
* tie quckojvning value releases the pressure in about 0.01 second. The weight

snatching is the faster of the two tuethods. When Ito Is being measuted, it is liii
iottunt that Ap reach its ittaxinium value before any charge has leakod off thd

cr~ stal electrodes. Inertial iniledances such as die valvo orifice th.it slow lte
chamtge In pressure litould bo minimmized,

Tite calibrationt obtained with 1-:q. (21.5$) is valid lin the frequency range where
(l) tleoltydroiphone liclectrially equivalent to a perfect k::pacitot, (2) the hydto-
phito~ Is owchticidly eqluivalent to i parfect spring., avid (3) the hydrophone di-
Iletitois 11r small in conipariwit withr a wavelength of sound in both water and
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m WEIGHT

PISTON

bYO

QUICK* OPENING VALVE

Fig. 2.33. Impulse calibration system for releasIng the static pressure
either by sachithe w1 tktm ofthe pston orby openng avave,

the piezoelectric material. Requirement (1) sets the low-frequency limit at which
the assumption R > l~wC no longer Is valid and the sentsitivity rolls off as
shown in Fig. 2.34. Requirements (2) and (3) set the high-frequency limit at
which the hydrophone is near a resonance or is too large.

FREQUENCY RANGE OF
IMPULSE CALIORATION

i /N
0ECHANICAL

ROLL-OFF CUE TO
LEAKAGE RESISTANCE

I& 2.34. Typ&WI reeiin mWs~ly of a mall plezoebotrc hydrophone,

The calibration method Is quasi-static in that, In tie absence of any crystal
leakage resistance, the measurement could be made under completely static con-
ditions; Eqj. (2,55) is essentially a static relationship. The measurement problems
arise from the need to make static uoasurements before the effect of the leakage
resistance x sets In.

Since sound pressures usually are small (the ordet of I 000 gpbar or 0.00 1 atmi),
4 the dead weight In Fig. 233 also should be sinall. Otherwise, nonlinearity mnay

affect the caliation.
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Variations of this technique are used to measure the piezoelectric constants of
crystals and ceramics.

2.8 Radiation Pressure Techniques

A second-order effect called radiation pressure can be used for calibration
purposes under special conditions. Radiation pressitre is a small static pressure
present in any acoustic wave. In a plane progressive wave of intensity !, average
energy density E, rms sound pressuro p, speed c, in a medium of density p, the
radiation pressure P, is given by37

Pr E 2 (2.56)C PC

In sound fields that are equivalent 1o the superposition of two or more plane
progressive waves, the radiation pressure is equal to the average total energy
density.

When a sound beam impinges on a boundary, th reflection or absorption at
the boundary results in sound energy density that is different on the two sides of
the boundary. Therefore, a radiation pressure differential or net force acts on
the boundary. For example, suppose a sound beam of energy density E impinges
normally on a perfectly absorbing plane botindary. Then, p, = E on one side,
and p, = 0 on the other side. The net force on the boundary then is LA, where
.4 is the boundary area. If the boundary is a petfect reflector instead of a perfect
absorter. the energy density on the front or reflecting side averaged over botd
space and time will be doubled so that the net force becomes 21-A. If the
medium itself absorbs some of the energy in a sound beam, the energy density
and radiation pressure will decrease as the distance from the sound source is in-

S.., creased. The resulting differential radiation pressure will produce streaming or a
• '.4 flow of tlhe medium away from the source, unless the beam is conflned to a tube

where circulating flow cannot take pillue.
Radiation pressure is used for ealibration purposes by measuring the static

radiation pressure on ieflecting or absorbing boundaris and calculating the sound
pressure from Eq. (2,56), lite difference between the sound pressure and the
radiation pressure Is very large. For exmanple, Iri water an nms round pressutr of
150,000 ubr is needed to produce a radiation preure of I jzbar-a 103.5 dO
difference, Consezquently. a very sensitive mechanical balance or Spring system
must be used to measure tie forces produced by radiation prose, Titus, the
toelllique is feasible only for very high intenlsity sound,

*" 1+w radiation ptessure telinique Is most applicable for Igh.fre1 uenty ht |.
iotensity applications such as are found in avitation studies and medical or

,, intdustrial ultrasotnl. Usually, the platte wavei are the collimatod near-field zone
, dof a piston soutce many wavengths in diaeter. Such near-field pl ne wives

ate tier truly platte, bekause the pesswto Il l nar 4ld plane vari s frnll polt
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to point; however, when average pressures over a plane are used, the results are
equivalent to true plane waves.

One version of a commercial instrument38 based on the radiation pressure
principle is shown schematically and simplified in Fig. 2.35. The reflecting
boundary is slanted from the incident sound to avoid standing waves or the
reaction of the reflected sound on the source. The reflector thus is equivalent

to a plane absorber, insofar as the vertical forces are concerned, and the down.
ward force F is given by

F = p,A = EA. (2.57)

where A is the area, noimal to the beam, that intercepts the beam. The average
plane-wave rms sound pressure p then is

.p = ( (p)Cc (258)

The force F is measured by the balance in Fig, 2.35, although the scale may be
calibrated in terms of pressure or intensity. The instrument itself is calibrated by
placing known weights on the reflector.

TOUM"TtA'

At

N&i L.IS. ltda pajuo w.

a
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An instrument like that shown in Fig. 2.35 calibrates the source in the ienseS that the near-field average pressure or intensity is measured, These are the
parameters of interest in cavitation and ultrasonic engineering application, and
there is no intent to extrapolate the measurements to free-field far-field condi-
tions. The' rstrumreiit shown in Fig. 2.35 is used in the 50 kHz to 5 MHz fre-

* quency ,-ange.
Another version of the radiation pressure technique is shown in Fig. 2.36.39

* Here, the receiving sensitivity of a piezoelectric plate is measured. The plate also
serves as an alinost purfect reflector. Since th.- ource is not being evaluated here,
the presence of standing waves does not affect the measurement. Insofar ats the
effect on the hydroplione is concerned, there always is sound pressure doubling.
That is, there is a standing-wavc condition in the medium nextfto the plate if it
is a near-perfect refit ctor-rcgardless of whether there is a complete entrapment
of the waves between the source and hydrophone. The standing-wave condition
actually helps to obtain high energy densities without a high-energy steady-state

~ 01.otpultfrom the source. The standing waves store acoutstic energy* consequently,
higher energy densities can be obtainied, for a constant energy output of' the
source, than in a single plane progressive wave.

The standing waves are equivalent to two plane progressive waves traveling in
opposite directions. The energy density average over both space and time then
is double ilibat of a singl plane progxessve wave. Note that although the sound

$440160WV

N , lol
DU te

R 1mt o&la.mtuil t(tdchaw fP0A-tr

#IZ LCUC j#
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pressure also is doubled at the reflecting surface, the intensity is not quadrupled.
A quarter-wave away from the reflector, the sound pressure always is near zero,
and the space-averaging accounts for the factor 1/2. The force on the hydro-
phone reflector thus is

F = PA = 2EA, (2.59)

and the sound pressure in the plane progressive wave is given by

p (EP)IC P (2.60)

The force is measured by observing the upward displacement d cf the reflector
caused by the radiation pressure, and computing the force from F = W.d where k
is the spring constant. The open-circuit voltage output e,,, of the hydrophone is
measured simultaneously with the force, so that the receiving sensitivity At
becomes

In this case, M is the free-field voltage sensitivity, even though the hydrophone
neither is used in nor calibrated in a free field. This technique has been used in
dhe frequency range 300 to 5000 kllz.

Another version of a radiation pressure calibration technique involves ampli-
tude modulation of a high-frequency (about 1000 kHz) sound beam with a low-
frequtncy (about 1 kI-z) signal. The radiation pressure oscillates at the low
frequency, resulting in a pseudo sound pressure. In this way a low-frequency
pressure can be obtained in a Pariow beaym that normally is characteristic of only
lrig)i.frequancy radiation. This is in interesting technique that is periodically Sug-
gestod in lte literature. Experiments at the Navy Underwater Sound Reference
Laboratory have shown that the technique has many difficullts, most of which
evolve from lte large difference (100 dB or more) between lte ltigb-frequancy or
carriler signals and ilhe low-frequency modulation or radiation pressure -signals.
As the carrier signal amplitude is Increased, cavitation usually occurs in the hiet.
intensity sound beant before a measurable low-frequency signal can be obtained,
1Te sunsitivity of lte liydrophone and thie receiving electronic circuits must be
m'ore thani 100 dil higher at lte modulation frequency than ait lte carrier fre-
quency. Since lte radiation piessure is proportional to the square of the sound
pressure, the nadlation pressure 4Wna and dt modulation signl havo different
wave shapes. Theo diffraction effects of a true low-firequency sound wave are not
duplicated by lte odulated radiation ptesswre except for the case of a piston to

:0 do infinire baffle. These difficulties have precluded the practicai uso of. this
teciniqua.
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2.9 Measurements in Air

If the acoustical imrpedance of a transducer itself is high enough so that its
radiation impedance can be neglected, and if it also is smnall enough so that dif-
fraction effects also can be neglected, then its receiving sensitivity will be the
same in water as it is in air. For example, ordinary piezoelectric hydrophones

* containing electroacoustical elements having dimensions of about an inch or less
fit these restrictions. Consequently, air acoustical methods can be used to Uai-

U brate these hydrophones at audio frequencies. One such method, the air piston-
ph one, already has been described. The reciprocity method also is used in micro-
phone calibration.

The clectrostatic actuator method is one primary method of air acoustics that
*is not adaptable directly to underwater acoustics; however, it can be used for an

air calibration of a hydrophone if the hydrophone has a flat metal diaphragm.
The electrostatic actuator is a device consisting of a metal grid or plate that is
placed close to the metal diaphragm to form a parallel plate electrical condenser.
The eectrically induced forces between the two plates provide the calibration
pressure. beranck 28 describes this method in detail. Pyett at the British
Admiralt\ Ujtder'vater Weapons Establishment has used the electrostatic actu-
at )rat frequencies as high as 60 kI-z for an unusual application wherein the pres-
sure sensitivity rather than the free-field sensitivity was needed to measure water
no w noise. The caibration was made with a hielium medium btttween the
parallel plates.

g 2. 10 Velocity or Pressure-Gradlent Sensitivity

The electrical output of some liydrophotes is proportional to the particle
* -velocity or pressure gradient In file sound field. Thec ternis "~velocity" and

"pressure gradient" often ate used Ititeichatigoably for skch hydrophones, al-
* thought some distitt~in call be drawn between the two terms (see Section

5.12). The hydrophics art, designed so a part of fihe hydrophong oscillates in
the medium under the influence of the sound pressure gradient, or with motion
sumilar to Illat of ptirticle vcloity. 1110 flail characteristic slid advantage of a
volocity vi pressure-gradient hydroplit-te o !hec direetivity put torn. The patteut
Is shown in Fig. 2.37. It is culled the 'figuroeclit." "cesifte," or "dipole" pat-
tern Pudt ii. Iv epowndnt or ftcquency. The presure at any angle 0 relative to
tile axial pressure ii equal to :ins 0.

Velocity and prhrygade titydopmoiws ina) be, and usually are, e.Al.
brated in 'cru of pmtssuure rather thant velocit> (ptasuie gtudient h. never used IS
a efeeume). .inc% the telatioenhup beiwen ptessure and veloity depends on tlit
we and hounmd.,, conditions. howvvtr, thewe cwmditios atust be known, We

* '.. standard, or fit t1w kefllitiol of flthe stvu
Ple towtesici waveg are spcCit~d in ilte definlition tit (100,64dl voltage

5tn4ivily. arid the ielatiouidtip betc dh pus4r pal loItym in suchl
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PO

Ft.. 2.37 Dixet vity pattern of a Votoct or PrepiAdant
hydzophonc.

waves is given by the wave or characteristic imoedancc p/u ' pc. ITus, the seoni.
tivity of a velocity hydrophone expresd in terms of pressure diffos from the
sensitivity expressed Li terms of velocity by thbe constant factor pe

Avolocity hydrophono can be ciaibrated by direct comparison with a swdard
presue hydrophone only If enentially plane waves impinge on both hydo.
phones. Otherwise, corrections thht account for the dIfference between the
quotient p/u and the value ofpc m ust be applied to the measur'ents.

Waves in a free field never are ptriecily plne, and the extent to which 40jhdy
spherica waves can be amumed to be plane is inportazt witen dealing with
velocity hydrophones calbated in terms of pvtewre.

The criterla for plae waves can be obtained from the expressions for the
pressure p, the puticle velocity u, ond the nmptlde of the wAve Imp6dane
le/id in a wave emaatng fromt 4 polint Source:

o± !W - 2-2

u (.6a1

4 (P$Sjl ~(~t](2.4)
4[I +Wl

*4! -
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where r is the distance from the source and A is a constant. From these equa-
tions and Fig. 2.38, it can be seen that for small values of :/X, the velocity is
aug-nented, and the plane wave relation p/u = pc is not valid. A correction factor,
10 log (1 + X2/(2irr) 2), must be subtracted from the measured sensitivity when a

.-. velocity hydrophone is calibrated with a standard pressure hydrophone. That is,
S:,the augmentation tl at occurs in spherical waves must be eliminated from the re-

suits. The magnitude of the correction is shown in Fig. 2.38. It can be seen
I from the figure thai the correction is less than 0.5 dB when rlA = 0.5. There-

fore, as a rule of thumb, the source-to-hydrophone distance should be greater
than a half wavelength if the velocity augmening factor is to be negligible.

RELATIVE PRESSUR

20
RELATIVE WIOLCITY OR

w48PRSUEGAIN

Fig. VS. votoiAly U aupwuton W& a s wuic

111k picime giadlont is ucht& to the particlo vdodty by ap/ZIr MIW4 for
both splltkai jnd Pal W-nc wai o~uetly, te ututqyng faatlvddity
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p o: sin kd, (2.65)

u cccos kd (2.66)

'. p . pc tan kd. (2.67)

d=O

PRESSURE . -
AMPLITUDE

d
VELOCITY

AMPLITUDEI1

/ \

i/

SOURCE

Fig. 2.39. Pressure and velocity distribution In a standing-
wave tube.

If the pressure is measured at a point a distance d from the water-air surface,
Eqs. (2.65) and (2.66) can be used to compute the pressure and velocity at any
other point. It must be assumed here that the hydrophones have a negligible
effect on the standing-wave pattern, Also, the wavelength or the speed of sound
which is used in the wave number 21r/X = w4c in the tube probably will differ
from that in a free field; therefore, the half-wavelength or pressure-node-to-node
distance should be measured.

Another version of the standing-wave tube, developed by Bauer, 40 is shown
in Fig. 2.40a. Here, the whole rigid tube section is vibrated en masse. The fluid
medium inside then moves as a short section of a standing-wave system with the
velocity and pressure amplitude distribution shown in Fig. 2.40b. If u,, the
velocity of both ends of the tube (anl of every other point on the tube), is

, I,
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measured with an accelerometer, both the velocity ud and the pressure Pd at any
. point d can be computed from

ua cos , (2.68)

Pd I.leCsin kd (2.69)~sin 6d* Pd = Itepc , (2.69

where L is the tube length, d is the distance of any point from the midpoint of
L, and pc is the characteristic impedince of the medium. The velocity uo at the
midpoint of the tube can be found by letting c= 0 in Eq. (2.68):

7, = co (2.70)

The velocity ito also can be determined by pressure measurements and other
combinations of Eqs. (2.68) and (2.69). Thus, if a velocity hydrophone is placed

* at the midpoint of the tube and its voltage output eo, is measured, the free-field
v(oltage sensitivity M is given by

M e (2.71)pcuo

The Bauer vibrator is adaptable to measurements in a closed pressure vessel
a id also permits the velocity to be determined in any arbitrary direction. The
o )en tube of Fig. 2.39 is limited, of course, to velocity in the vertical direction.

2 11 Directivity Patterns

The measurement of the directivity characteristics of a tiansducer involves
little calibration theory in comparison with that required for measuring response
o sensitivity. The directivity pattern, factor, and index all are relative and di.
ii ensionl'ss parameters. They also are free-field, far-field parameters, and for
p itterns, there is no feasible alternative to free-field measurements. There is an
alternative to the far-field requirement, however; conventional patterns can be
n easured under the free-field, near-field conditions described in Chapter IV.
NWasurement problems consist largely of obtaini ig free-field conditions and

Sa ranging the mechanics for rotating transducers in various planes.
Some of the theory underlying th ' definition and meaning of the directivity

ci aracteristics anl mathematical solutions for some common special cases are
p sented here. One technique for mcasurin, the directivity factor under condi-
ti )ns other than Iree field also is discussed,

The directivit pattern of a transducer shows how the sensitivity of the trans-
dier varics as a ft;nction of direction. It usually is normalized; that is, it is a plot

4,
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of the sensitivity in any direction relative to the sensitivity in a given reference
direction -usually an axial direction. Thus, the pattern level on the axis of a
typical transducer will be 1, or 0 dB, and the levels in other directions will be
some fraction less than I or some number of dB below zero or "dB down." In

S"some unusual cases, the axis is not the direction of maximum sensitivity. Then,
the normalized pattern level in the direction of maximum sensitivity will be
greater than 1 or some number of dB above zero. Occasionally, a series of pat-

5 terns will be measured on one transducer at the same frequency-usually after
some electrical or mechanical adjustment. In such cases, only the first or "con-
trol" pattern may be normalized, Succeeding patterns then may be measured
without A.djustiiig the measuring system to allow direct comparison with the
fist pattern.

If a trinsduter is reciprocal, its transmitting and receiving patterns are the
same even though they have different physical meanings. The transmitting pat-

-.tern is essentially a diagram of how much sound emanates from a transducer
simultaneously in different directions. The receiving pattei n is a measure of the
average pressure acting on a transducer diaphragm as a function of the direction
of an impinging plane wave. The transmitting pattern is used almost exclusively
foi analytical purposes, perhaps because it's easier to visualize. However, the
summations or integrals that must be solved to obtain a mathematical expression
for the pattern are the same for either case.

The co nplete directivity pattern is a three-dimensional model. In practice,
however, two-dimensional polar diagrams usually are used to represent the pat-
tern in some plane that includes the acoustic axis. The complete pattern is
deduced ot visualized from a collection of many two-dimensional patterns, Often,
the complete pattern has an axis of symmetry so that one two-dimensional
pattern in .i plane of such an axis gives a picture of the complete pattern.

The transmitting pattern is a representation of far-field or Fraunhofer diffrac-
tion phenomena. That is, the radiated sound pressure is observed or measured at
an "effectively infinite" distance from the transducer. The distance is "effectively
infinite" if the sipnal attenuation due to spherical spreading of the wave is essen-
tially the iame for signals emanating from all points of the tranducer, or the

* '... sound rays from all points on the transducer to tlie observation point can be
assumed to be paiallel, Thus, for a uniform radiator, the wave interference thot
gives rise to directivity patterns, or Fraunhofer diffraction, is due entirely to
phase diff-rences among contributions from different parts of the transducer.
In the ner field, the Fresnel diffraction, or interf,'rence, is due to both phase
and amplitude differences.

Practicid critenia for "effectively infinite" meaurement distances are pre-
', sented in Section 3.4. In genetal, however, the distance should be large in cotn-

parlson with the ;argest dimension ol the transdu -er in the plane of rotation,
i- n addition to sufficient fat-field conditions, gt Ad free-field conditions albo

in it previl. Patterit measurements usually require better free-field conditions
tha response mieasurenents do, because longer measurement distances ate

La
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required and because the "difference" between a high signal level (on the axis) and
low signal levels (on the minor lobes) is being measured. To illustrate, a reflec-
tion, noise, or other unwanted interference may be 26 dB below the signal level
for response in the axial direction and therefore introduce only a small error of
±0.5 dB in the axial response. This zame unwanted signal would produce a large
error (+3.5 to -6 dB) on the height of a minor lobe 20 dB below the major lobe.

2.1 1.1 Uniform radiators

The mathematical expressions for p(O), the normalized directivity pattern, of
some common uniform radiators are given below.

a. Plane, uniform, baffled circular piston:

2J, ) (2.72)

(~sin 0

b. Plane, uniform, baffled rectangular piston, in a plane parallel to an edge; or
a uniform continuous line:

sin 29 sin 0
p(o) .L)sn0 (2.73)

c. A plane, baffled, uniform square, in the plane of the diagonal (or a straight
"V "tapered" or "shaded" line, where the source strength is maximm at the center

and decreases linearly to zero at each end):

sin2 (-)sn 0
A0) 2 (2.74)

:; sin 0

d. N, uniform, equally spaced points in a straight line:

sin {(rdsin 0"") =0. (2.75)

' Nsin X )sin

In these expressions, J, is the first-order Bessel function;x is the circular piston
diameter (Case a), length of line or edge of rectangle (Case b), or diagonal length

4~

4-
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(Case c);d is the separatiou distance of point,, in a line, and 0 is the angle between
the axis or normal direction and the direction of observation-that is, the vari-
able in all the expressions.

* Graphs of these expressions are shown in Fig. 2.41 for Cases (a), (b), and (c).
By using the normalizing parameter (x/7t) sin 0 for the abscissa, the patterns in
the figures are made applicable to any transducer size and any frequency.
Mathematical expressions and graphs for radiators of other configurations are

* given in the literature. 41-46

EQ 2.74) (DIAGONAL OF SQUARE PISTON)

EQA2.73) (UNIFORM LINE)

13.340

da 17.648

20 Y

3O0-

10 20 30 40

Fig. 2.4 1. The directivity pattern 20 log p(O) of continuous sources.

The line of N points is not included in Fig. 2 .41 because it differs basically
from a continuous source. The most strikng characteristic of the pattern of a
line of point sources is the igh side lobes. ItI' the point spacing is one wa velngt
or greater, the (N - 1), ~ 1), 3(N - 1). ctc., minor lobes will be of the same
height as the mnajor lobe. The height of the other minor lobes will depend Onl X.

L4 It' the number or points per unit length increases, the spacing d decreases and the
approxinii-tion sin {(?rd/X) sin 0) -(ffdlX) sin 0 can be made in the denominator
ol'ELq. (2.75). Then, Eqs. (2.75) and (2.73) become the same, with Nd becoming
equivalent to x, and the linec of points approximates a continuous line. Figure
2.42 shows the patterns for a 6-point line.

Some radiators combine the characteristics of' both continuous and discrete
sources. For example, a large planar array often consists of miany individual
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elements, each of which constitutes a small radiator that has a directivity pattern
that is not omnidirectional. That is, the elements are not point sources. Spaces
exist between the elements so that even when the elements vibrate with uniform
phase and amplitude, the array does not radiate as a continuous uniform piston.
A similar situation exists with a segmented line radiator. In such cases, an under-
standing of Bridge's Product Theorem is helpful. This theorem states that for the
case of a number of radiators of the same frequency and of Identical pat.
tern and orientation In space, but possibly of different amplitude and
phases of motion, when the reaction of one radiator on the other Is neglected,
the pattern produced by the aregate of the radiators Is the pattern pro-
duced by an agegate of polLt ources haying the same distribution in sce,

amplitude, and phase as the actual rmdiators, multipled by the pattera of a
single radiator.

This means, for example, that if the pattern level is expected to be 0.5, or
-6 dB, In a particular direction 0 when tie elements of an array are assumed to be
points, and the pattern of an individual element is expected to be 0.9, or-I dB,
at the same angle 0, then tie array or aggregate pattern level at 0 should be
0.45, or -7 dB.

The qualification in tie theorem as to the reaction of one radiator on tile
other becomes important when the element spacing is small (generally
a small fraction of a wavelength) and the transducer mechanical impedance is
low.
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2.11.2 Nonuniform radiators

If the displacement or velocity of every point of the diaphragm, or radiating
area of a transducer, does not vibrate with the same amplitude and phase when
the transducer is used as a projector, the transducer is referred to as a nonuniform

' .radiator. Some transducer diaphragms, for example, bend rather than move as a
rigid piston. Bending and other types of nonuniform vibration usually are used
to obtain resonance at low frequencies. In such cases, the transducers are essen-
tially omnidirectional, and the nonuniformity has negligible effect on the direc-
tivity pattern.

Another more important type of nonuniformity is exemplified by the shaded
transducer. Here, nonuniformity is introduced in an otherwise uniform radiator
to change the directivity pattern. The usual purposc is to reduce the level of the
minor lobes. Typically, the transducer will ccsist of a plane array of elements
that are mechanically identical so that, for example, all elements resonate at the
same frequency. The outside or peripheral elements, however, will be driven at a
lower electrical signal level than are the inside elements. Variations in phasing
and spacing, as well as amplitude, also have been used for controlling the
pattern.

Equation (2.74) applies to a shaded line (also called a tapered line)-that is,
a line in which the vibration amplitude is a maximum at the center and decreases
linearly to zero at each end. If we compare the graphs of Eqs. (2.73) and (2.74)
in Fig. 2,41, we see that this shading substantially reduces the minor lobe level,
but also broadens the major lobe. Unfortunately, these two effects are
inseparable.

Pattern control isan extensive subject covered elsewhere in the literature. 41 45

It is used extensively in sonar transducers. Insofar as measurements are con.
crned, it is helpful to know whether a transducer is a uniform or nonuniform
radiator. Such knowledge not only aids in detecting mistakes or malfunctioning
equipment, but also affects measurement conditions, such as the minimum ac.
coptable distance betwe . a projector and hydrophone.

R 2.11.3 Beam % idths and minor lobe level

Patterns usual] are characterized by the beam width and by de relative
level of the highet (usually the first) minor lube. The beam width is the angle
included between the directions, on eact side of the main lobe or beam, in which
the level of the sound pressure is at some fixed level relative to the axial sound
pressure. There is no standard fixed level; -3 dB, -6 dB, and -10 dB, all, com.
monly are used, The level must be specified, theret'ore, and the beam width is

described as, for example, the "6.d1-down beam width." Note that the beam
width is the total angle between two directlons-o te on each side of tie axis.
Where a pattern is symmetrical about the axis, the half-beam width sometimes
is used, The half-beam width is the angle included between the axis and the
direction of the sp .cified pressure level. Beam width Is a function of both the

.1.4
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radiator configuration (circular piston, line, line-of.points, etc.) and the ratio
x/A of size to wavelength.

The 6-dB-down beam widths A0 for the three patterns in Fig. 2.43 are
given by:

Circular piston: A0 = 2 arcsin 2:ZX) (2.76)

Uniform line: AO = 2 arecsin(2 .2X (2.77)

Diagonal of square. AO 2 arcsin , . (2.78)

Equation (2.75) is approximately the same as Eq. (2.73), when sin 0 is small
as well as when d is small. Thus, near the axis, the pattern of a line of points is
essentially the same as the patuern of a line for which x fNd. Equation (2.77)

1" ,I I
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can be used for a line of points whenever the line of points approximates a con-
tinuous line (d<< X,), or when the region of interest is near the axis (sin 0 << 1).

The level of the minor lobes of continuous sources is a function of the con-
figuration, but is independent of the size/wavelength ratio. The level of the
minor lobes shown in Fig. 2.41 applies to all sources with the stated configura-
tions. The minor lobe level in Fig. 2.42 applies only to a 6-point source. Kraus4 1

gives similar patterns for cases of N equal to 1 through 24.

2 12 Directivity Factor and Index

The directivity factor or index is a measure of the sharpness of the sound beam
o- major lobe of the directivity pattern. It is the ratio of 1o , the intensity (or
N2, the ims pressure squared), in a reference direction-usually the axis-to the

- iitensity I (or 1 2, the rms pressure squared) averaged over all directions. In its
rumeric form, this ratio is the directivity factor R0 , and in the decibel form, it is
the directivity indexD 1. Thus,

Poo

D 1 = 0l( = 1Dlog0 (2.80)

Note that P2 is the average of the pressure squared, not te aquare of the average
pressure.

If Po is measured at distance r, then p2 is til pressure .quared inteogated over
spherical surfa:e S of radius r, divided by the areaS. lahn,

p fp~dS Jjp~dY

I Is the measuronents and computations involving dti integral f$p2d that
.C'1istituto the major task in finding A0 orLDi.

2.12.1 Theory

Tho theoreticd D1 of somei idealized radiator configurations have been doter.
,irined bY Stenz0l 44 and Molloy. 47 The Di of a circular piston In a, infinite
rigid bafllu is given by

•g,,0o,

.D 10 l(8

J P
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where r is the radius and k is the wave number. For large values of kr, the Besse!
function J(2kr) becomes negligible and Di - 10 log (kr)2 . Since (kr)2
4Q(7r 2)/X2, the D, of large pistons can be approximated by

D l = 10 log (2.83)

Figure 2.44, a plot of Eqs. (2.82) and (2.83), shows that Eq. (2.83) is a good
approximation for 2r/ > 1/2.

: 30

20

:lI I I I
"12

M&g L.44. Dixectlviy Wado of a bafd citculu pisto.

For a uniform line,

.':.D, 101log [k/ ... .kL k + -. , (2.84)

where L is the lengilt of te line. Fort a ltg line, L > ), and Eq. (2.84)

apl~poaclies

lDI - 1 (+)o (2.85)

A rectangular piston in an infinite rigid baffle is a miuch mnore coniplicated
case thn a clrculat piMon, but fon tie work of Stenze144 and Molluy,47 it can
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be shown that Eq. (2.83) applies also to a large rectangular piston with about the
same dtegree of approximation as fo,- a circular piston. As a rule of thumb, Eq.
(2.83) applies to both circular and rectangular pistons. if the minimum dinmen-
sion is greater than a half wavelength and, for the case of the rectangle, if the
length/width ratio is greater than 2. At the low limit of this approximation,
where the minimum dimension is a half to one waveleaigth, the approximation
error is about ±0.5 dB. In most practical cases, however, where Di is an important
factor, the transducers are large or have narrow beams. T hen, Eq. (2.83) becomes
a ,cery good approxitmation with negligible error. Moreover, since Eq. (2.83)
applies to both circular and rectangular pistons, one would assume that it applies
to other shapes that approximate either a circle or a rectangle.

It can be shown 2,48 that the directivity factor for plane pistons in infinite
rigid baffles is inversely proportional to the radiation resistance. Thie acoustical
radiation resiitance of pistons of any shape approaches pc/A as the sine/
wavelength watio becomes large. It follows, then, that Eq. (2.83) applies to 1, ige
pistons of any shape if the minimfum dimetnsion is greater than a half wavejenj h

In all the foregoing. it has been assumed that the pistons are in an infinite r gid
baffle becaust- such a boundary condition makes the mathematics manageable. In
practice, such baffles ate not used, of course. In planar transducers whose smallest

4W dimension is greater than a half wavelength, the type of baffle has a negligible
effect onf the directivity pattern, and theory and prttctie e in good agreement.

Analsesof he i o hor trnsdcer, pston ina shurcalbaffle, rintgs,
lines of points. shazded lines. and stretched membranes (or bendinig modes) are
ava iable ini references 44 and 47.

* 2.12.2 Meauteniend

Uwe~i diffk.ent Dt'towaces are used to deterfuirw die Re or D, of a spec. fic
trurnsducer.

CaRe 1. Sorte tranlSdut Olrs We good ;kpproXhutltW1S. iflWfAt as tht dit IC-
livity pattern Is c erdof perfect Uniformn, chfeulat, square. or tectangular3pistots,ootierfect uniform lines. Whten this is true, the Re or 1) is well knowil
(rin oxilessions suvl as ics (2.82.) tltrogl (2.85), rind vatious Slide fules. 9
graphs, and similar atd% ate ;ivAilable for obtaining lte I)j easily. ilgures 2,45
aid 2.46 are two Wuc grAphs.3 o ywthor the patten is a good alproxinsti in

to neof he~k~ csesiiu~tbe ascrtied by pattern otauennsad co it.
lmrison with P~igs, 2.41. 2.4.. and 2.43. About 90% of lite energy tadialed )y
ide-al pistons and lincs is in ltre main lobe, and about 9S14 is In the viain lobe a.1d
firt intor lobe. Thus, a tranuducer can be rissutned to bo radiating as its id,-al
111ath1n1flrical 11nodel if lte titeasuled and teoretical patterns aft the satnle,wiltit

ttwstietlentaccuracy, ott the miajor 101be and firt imirn1or lobw, ibis rule 4f
thumb Is valid if notie of thed mninor lobes are unusually high. A strong niblor
lobe at I$OW ot to lited in t piston ttansduccers is a particuLarly cuiutiwr type
of undesirable aw4 unintcalimW al diation.
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should be verified by actual measurement of several patterns. The integration
over a complete spherical surface is obtained by taking the elemental area dS as
shown in Fig. 2.47 and integiating

f dS f2r2 sin 0 dO, (2.86)

where 0 is the angle between the reference direction or axis and the direction of
measurement. If we let p(O) bi, the pressure as a function of 0, we obtain Re
from Eqs. (2.81) and (2.86):

Ro 2 (2.87)
f "J ) )o sin 0 dO

'°

It, i we ILA" aAtiiCd, tie t#tlMIduCf PaIletf ii owliidel, dih fitntion P(0)

it unkttomiv. and die ititepil mUst b2 eviluid l iupltica11 r wiuntwally,

&.wtal kinds of aids ate used f(4 paplpikel inietioo. Fant eI*IIIple. eitih; a1'

I l iw %At it Wi&ts 2.48 4v 1.49 cau be ul. 3 1  The otdiluto "ea ii

"S
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[p(O)Ipo] 2, with the scale marked for easy transposition from the usual decibel
scale on pattern plots. The abscissa scale is the angle 0 with the spacing adjusted
so that the area represented by the product [p(O)/po] 20 is projortional to the
area of the spherical surface from 0 to 0, or proportional to f0 sin 0 dO. After
the pattern is transposed to Fig. 2.48 or 2.49, the area under the curve is
measured with a planimeter. If there is radiation in the rear hemisphere, the pat-
tern there must be plotted separately. Then the Re is given by

2(area of front + rear charts)
Re (area under front + rear curves) (2.88)

.I Even if there is no radiation toward the rear and the denominator of Eq. (2.88)
constitutes the area under only one curve, the numerator still must be the area
of the two charts. For narrow-beam patterns, Fig. 2.49 is more accurate than
Fig. 2.48; however, the numerator of Eq. (2.88) still must include the whole area
corresponding to 0 < 0 < 180*. Consequently, the area found from the whole
chart in Fig. 2.49 should be taken as 7.46 times its size as shown, or the numerator
of Eq. (2.88) should contain 7.46 as an additional coefficient.

". I

4N
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Fig. 2.49. Chairt for determining radiation directivity. (From Reftience 51.)

Another graphical aid, shown in Fig. 2.50,50 is wsed to obtain the integral
of Eq. (2.87) by a summation approximnation. 7Tat i3, the summation

Is substituted for file integral, Fig, ' 30 Is iised in the form of a transparent
overlay onl the mneasu red polar pattern Thie peak axial responise (or 20loi po)
is itiade to coincide with the polar anp le mo and the radial level at 4he top of
the paper as illustrated by tie dushod~liw pattern. Thion to find [p(Og)/pOJ 2 sinl Ot
for any angle 0,, one proceeds along tWe radial line cot responding to 0j until theIntersection with the directivity pattern lifie Is reached. Thei point of intersc'tion
thten is read on thfe bow-shaped coorde ates, F~or exaniple, at 0, w 200 or I a4 InFig. 2.50, ilie point of intorwaeion Is at 0,009 In the bow-sliaped coordinates.* Thus, Ip(20*)IpoI " sin 20" 0.009. This reading is made at regular angullar
intervals-say every 5O front 0 to 1800 Then% 37 mieusuremenis are moade, Theregular angular intvrval AO mnust be ex) rtssed in radians, so AO = r/36. If .41 Is

* ~ ievalue of UiO)O sin 01. or die I umber read Winu; tOr bow-shap d codi-
flutes Onl Fig. 2.50, Eq4(2.87) is Approx mauted by
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Re (2.89),.'"A8 Ai

or, in the example just given,

2
R3 = "6 • (2.90)

The pattern should be measured so that the pattern level at zero degrees or in the
reference direction is either at the top of the chart, or at the discrete levels 10,
20, 30, etc., dB below the top. The radial scale is 10 dB per major division
(usually 10 dB per inch). When the pattern level at zero degrees is at -10 dB, all
the bow-shaped coordinate scale numbers must be multiplied by 0.1. When the
pattern level at zero degrees is at -20 dB, the scale numbers must be multiplied
by 0.01, and so forth. Note that at 0 = 0, Ao always is zero, because
sin . =0.

4'. The angle 0 = 0 corresponds to the axis of symmetry, whether it is in the di-
rection of maximum response, the acoustic axis, or in general the reference direc-
tion. If the axis of symmetry is not the reference direction, the D, is computed
with O = 0 taken as the axis of symmetry,and then a correction is added. The cor-
rection in decibels is the pattern level In the direction of the axis of symmetry
subtracted from the level in the reference directions. The pattern of a uniform
line or thin cylinder is the most common example of this. The pattern has a
toroid or "doughnut" shape. The axis of symmetry coincides with te line or
cylinder axis, but the reference direction usually is normal to the line. Thus, the
intensity in the direction of the line or axis of symmetry is very low-less than the

average Intensity. This results in a tractional R0 or negativeDi. When the large
difference between the high response normal to the line and, low response
parallel to the line is added to the D1, the D, becomes positive.

Electronic analog systems have been built by the Navy !lectronics Laborator
and by Scientific.Atlanta, Inc., to perform the Integration ${p(O)lpo) 2 sin 0 dO.
The Underwater Sound Reference Division of the Naval Research Laboratory has
used a small digital computer to perform the integration numerioally.

Case 3. When a radiation pattern does not conform close'). ii an ideal one,
as in Case 1, nor have an axis of circular symnetry, as in Case 2, tie integration
task becomes formidable, If a transducer does not have circular symnetry, but
is symmetrical in the sense that the right and left halves, or top and bottom
h:lvts, are mirror Wages of each other. an averaging process can be used. Then,
the patterns in several planes tirough the axis of symmetry ate nidasured and
cach treated as in Cam 2, Tie avetago Ro then is computed. (Do not averag

-I
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sound sensitivity of a hydrophone is the ratio of the time-averaged voltage out-
put to the diffuse sound pressure. The diffuse sound sensitivity thus is the
free-field voltage sensitivity of the hydrophone averaged over all directions. It
follows then that the ratio of the free-field voltage sensitivity to the diffuse
sound sensitivity is the R0 , or the difference is the Di, when the sensitivity is
given as 20 log M. This technique, theoretically, is very simple; however, there
is little mention of it in the literature and it has been used to only a limited
extent. 52 The expense of building a large enough reverberation tank in which a

* satisfactory diffuse sound field can be established is a major drawback.

2.13 Impedance

.. -{ The impedance of an electroacoustic transducer usually is understood to mean
the electrical impedance measured at its electrical terminals. When some other
meaning is intended, the term is qualified. For example, one would say that a

- "soft transducer has a "low acoustical hnpedance." Along with sensitivity or
response and patterns, the electrical impedance is a common and standard param-
eter in the calibration and evaluation of electroacoustic transducers. The
impedance serves three purposes: (1) It provides information for Impedance
matching between the transducer and the electronic transmitting or receiving
equipment. (2) It is used in the computation of transducer efficiency and driving
voltage from current responses (or vice versa). (3) It is an analytical tool for
studying the performance of a transducer.

Impedances usually are measured with wide-frequency-range impedance
bridges, and, theoretically, the measurement does not differ from the measure-
ment of the impedance of a resistor, condenser, or coil. In practice, however,
there are several Important considerations that must be recognized. The trans.
dncer must have its proper acoustic load-usually a free field. An underwater
transducer must be immersed In water, and the effect of reflections from
boundaries must be negligible. A simple test for boundary interference is to
,ineasure the Impedanme in several locations or orientations. Electrical ground
conditions usuully are intportant and often bothersome. The impedance may
depend on which of the two terminals Is grounded, or on whether any terminal
is grounded. When one terminal is grounded, tho measurement is referred to as
unbalanced. If both terminals are ungrounded and have the same potential with
respect to ground, the ineasuremnent is referred to as balanced, Tite cable shield
lin unbalanced measurettents may be connected to ground or be "floating"=that
Is, not connected to anything. Grounding conditiuns in fresh water differ from
those in slt water. If a cable is lolg-say 100 feet or nmore-the nmalmnwr In which
it is coiled or strung out, or whether or tot It Is in the water, may affect the in-
pedance. Thw effcctt are caused by stray inductance and capacitance, and ate
Iniost pronounced at ultrasonic frequencies, All thew effects oacur in sensitivity
inessutenments as well as in Impedance nmesuteinw cs. The general rle is that
all Wroundi and cmew aun c"uton should be, to ihe gliatest possibe extent.
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the same in the measurement of impedance and sensitivity az in the actual
use of the transducer.

Conversion of series impedance to parallel impedance or admittance, or vice
versa, is given by the following formulas:

s ' +(2.91)

X, B
.$"x G -

2+X (2.93)

+ x -  (2.94)

where R is resistanceX is reumtance, G is conductancLvf is susceptance, and the
subscripts s and p indicate series or parallel. I'lle three wa)s of describing the
impedance are as follows:

z ~ +x a (2.95)G +J8as

+(74

A fundamental understainttg of lite talire o the ilmpedace of an clectt).
acoustic tratisduter is needed it contlection with its application as an tnalytkal3 tool. Although it Is neasued lectrically, tlt impeidance is a function of the
S-irechaical and acou-ilical (or radiation) cl;atetais of the tIansducer, The
"eclanleal mass, stifiness of ¢ontlplwiwe a ii i t |twlarte, all app ar as eletrical
itltjidaitieet througi the ekctroie twc lioal hotipli! dtit etitl of the

* tran-kidoritlia Is, t ougli the ptloleiric elflct, iligglielsl fictlve effect, tile
Ctif iliduced lit A witt euttig a iloiatgeti flux, 41id o fortlh. The hall actorisos

- :, il of tile odiuin also 4ipiar a3 el¢trical ilpotdlot be tit the Illedltl's
.tfect on lite vibatirg prts, C4lowiucnily, t1w Ipedance of a tra e viuer 0i1
be divided intbi s vosAI prtls. ila 1iw;tty c1leti r'it ilt ie paIl that would
be ilwasred It tid titd hInucdl could lie jievinted ftriot vilwjiing. t is callk-ed lie

,3', biled iumledalie g.

The diffeeiilee W. well the iIllJK6tlmce whliiu the ellitdli¢r is vibratig And
dtw blo&dkd ilpedi! t ti called iotiouail btdaxi 4Z baeigaus it i dud to lie
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vibratory motion. The motional impedance is an electrical impedance measured
in electrical ohms, even though it arises from mechanical motion. The motional
impedance ZM has two parts: (1) the part corresponding to the mechanical im-
pedance Zm of the vibrating part of the transducer, and (2) the part corre-
sponding to the radiation or acoustical impedance Z, of the medium reacting on
the diaphragm.

Blocked and motional admittances also can be defined in the same manner
as the two kinds of impedances are defined.

The relationship between the motional impedance or admittance and Z, and
Z, is complex and depends on the type of electromechanical coupling used. That
is, it depends on whether the transducer has electrical coupling (piezoelectric,
condenser) or magnetic coupling (magnetostrictive, moving-coil, etc.). Just as
the measured electrical impedance can be a function of the mechanical motion,
the mechanical impedances can be a function of the electrical current. The
mechanical impedance of a transducer is the quotient force/velocity at some
designated point (or mechanical terminals). This mechanical impedance is not
the same when the electrical terminals are open-circuited as it is when they are
short-circuited. Consequently, one speaks of open-circuit mechanical impedance
Z,,,, and short.circuit mechanical impedance Z, . It can be shown that the
electrical analog of a transducer is the circuit in Fig, 2.51. The factor Ot is the
electromechanical coupling factor or proportionality constant between me-
chanical force and electrical voltage in the transducer. Similarly, 0., is the pro.
portionality constant between the force and electrical current, Figure 2,51a is
most useful for transducers with electrical coupling, and Fig. 2.5 lb for transducers
with magnetic coupling

For analytical purposes, the various impedance components in Fig. 25 Ia can
be obtained most easily from a measurement of the admittance of the circuit,
Let Zm l/Y, 4b 1  Ib, and YM be tie motlonal admittance. Then

V b + ( 2 + (2.96)

Siniarly, the components il Fig. 2.31b cail be obtaied miost eusily froit an
Unpdanceu urelttl:

Figure 2.52 is a graphical lllutli otn of L1q. (2.96) for a pietoelectrrie tAots.
ducer. Figure 152a Is a plot of the dtla obtaitable direlly f(on la bridgt,
Pigute 2,52b is a plot of the sane data combined into tine locus of ; *t at a

-*1 rtwif~ ii of fqueticy. Te Wocked wiuttiiaouiWt adntiltw is obulited by

4a
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inltpluionasshwn it lte asedlins f)F1., -sa. When plotted alone,

66 is a conistant, t i6 a 5tfaigit vertical Wie, and YA, is a circle. As shown in

Fii .5.1 also could be used to tulnewnt tiq. (2.97) for a niaguetic ttans-
01u4or by sul itition! R and iX for 6 and ifi, Pilesfi Iflsue ofr
fther~ closeI to the Ikeiued vase (eptesont04 in Fig. 1.5. hoiwever, billIng
notic tr u-luwts do not, A typicil plot for a juagoutic tvansuuer appears as
shtowo iII Fi 2,53. Tito bloeked temissatce obviously k not a constat.t ond tile
idealieod cir~ oj sluw In Fig. 2.Sib must be inodifled, Tito modification
mutill, Conlsit of atrar stiv mestances andio ductaswei ift some conibilnation

set alklttiwratonaridas~jtiin~aPhase ilnft to the cotupling~ factof 00,.
KTo inawti imlvdw or (it culmc efficdq ite 1W ilvdanco rathor than the

adltmeit atty 0~ desid., *toMs of the Stndu~et type. All hulwdwda
Pt of 4 P pic u wees i tnduet 4Jiowfl il.l Vi .4.
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Fig. 2.53. Impedance of a tfansducr with magnutic coupling.

rhe particular vectors shown in Fig. 2.52b are for the frequency of me-
chainical rosonance-that is. the frequency at which Z,, + Z, is a minimum,
Y;, is a ma;ximum, or the imaginary part of eIther (Zn, + Z,) or YA1 goes to zero.
Spurious risonanc b are indicated by secondary loops as shown in the dotted line
an Fig. 2.5 4. Since Z and Y obviously are functions of Z , transducers must be
radiating into their nofmal acoustic radiation load durivig an Impedance measure-

' inent at frequencies near resonance. At frequencies far above or below resonance,
however, ',<< Z1 and Y"<< Yb, and the loading condition is not critical.

Note tl at the diameter of the motional loop is inversely proportional to
(Z,,, + Z,). Operating an underwater transducer in air is equivalent, essentially,
to setting Z, equal to zero. Tis allows Q2/Zm to be awaswed alone or

v. ,.,-

- / -

IW

I&.$4. SmpO~ (a 44444Ci ~ t.deWili ek,41sW 4a0UpUiq,



i

96 METHODS AND THEORY

independently of Z,. This kind of measurement is used to compute the trans-
ducer efficiency; it is discussed further in Section 2.14.

The electrical impedance of electroacoustic transducers is analyzed in more
depth elsewhere in the literature. 53-55

2.14 Efficiency

The steady-state power delivered to a transducer either is dissipated in the
electrical or mechanical resistance within the transducer, or it is radiated away.
Insofar as the electrical analog ofa transducer is concerned, the radiated power

. is considered as dissipated in the radiation resistance. The efficiency is the ratio
. of the output radiated power to the input or total power delivered to the trans-

ducer. Two methods are used to measure efficiency. In the direct method, the
input and output powers are measured directly. In the impedance method, the
ratio of the input and output powers is inferred from impedance measurements.
The impedance method is easier, but, because of necessary assumptions, it also is
more susceptable to error and, therefore, of limited usefulness. The two methods

. do not always agree. When they do not agree, and when the efficiency of a trans.
ducer in conventional free-field conditions is desired, the direct method is pre-
f:rred. When the conditions are other than free.field-as, for examnple, in
industrial ultrasonics-the impedance method may be preferred.

Unlike most electroacoustlcal values, efficiency has a theoretical limit- 100%.
* .' This fact can be quite helpful. Anyone of long experience with highdy efficient
* * tranisducers probably has obtained measured values of efficiency higher ihan

00. A measured value of, say, 1OS% is not to be ignoted and can, in fact, lead
to a very accurate conclusion-provided one has a good estinate of his measure.
wosat error. Suppose this estimate Is tI %, Then, a ineasured efficiency of 75%

- means, in fact, that tile efficienicy probably is In the 65% to 85% range, With
the santo neam renient error, the measured I US% implies that th- real efliency
probably Is hi the 95% to I 151 range. Efflcleniels of more than 100% being
".ipossible, it is concluded that the real efficiemcy must be li thi relatively tIar-
row range from 9A% to 100. Such liogle is no substitute fur a good masure.
ltelnt aod must No usc! with iestfaint, Neveathlels, It is tiue diat finwamcIi
values above 100 .ae not autotia lly dlsead useless.

A k".i4.1 D method

nh the dlrect m~timod, the iniptit twwer is meas yured, at it woald be i4 Any
puttly dlwiitr-lcl Il dfsiaeuml t by isallg Wly WW of thd fatli ibtio. rtlp:

whe-e P is the allut ptower, I ia the inlput cl curiint, e ii th IWIpt rus vohtage,
0i 11110 plma ukit& betweona C and 4Ri, iA t lia eies egstiiarftc n icas d acis

I:
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the input terminals, and Rp is the parallel resi~tance measured across the input
terminals. The resistances R, and Rp will bc functi ns of the electrical, mne-
chanical, and radiation resistances, of course, amid normally will not be frequency-
independent constants.

The output pover P,0 is obtained from a measurement of the sound piessure
on the acJustic axis, and a measurement of the directvity factor RO or direc-
tivity index D. Tie characteristic impedance pe of the medium is presumed

Uknown. Then

P0 
= 1(4ir) ( )t4ir2), (2.99)

where, as in Eq. (2.79),0 is the intensity averaged over all directions and I0 is the
,i intensity on the axis, both at a distance P, and Ro is the directivity factor. Then.

if p, is tile ts pressure on tile axis at distance r. 1) = p,11/p, and

p~44~r2)(2-100)
Rope

The OMificlwncy t is, then,

*l • 0-P (RopdBR 3 )' (2,10l)

If tr1 n! an I flete f. thef tio P'i,/Ji 1 thle ujatumini currl et retjw'ortlS, S and
Fq 2101) umltifW4 to

Xiqun .1UA) applits 4 it ik. if N1NS unitu lie uod. i thi Itmbtid *00.0 0(
pt atU4 I eetrte4 units Wid .4OU14:4ti¢4 umt* awe ud.

= tttling ." 4; )0 "  and ptitl V. t I. 01, At ) ito Its d Awil foire yiOd

Tite 6fllmt it, li K dc&'mW 441 tile o iuii Pgs Fa ltc* a s
1ke i0i) sahnit' ,,d 1OW* Siswjugrtc. A -70.9 riD. 1i ilt.waWeilwoa.
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in fresh water tanks and as a function of temperature and pressure, the constant
is slightly different:

10 logK
50C 150C 25C

Atmospheric pressure -70.5 -70.7 -70.7
1000 psig -70.6 -70.8 -70.8

The output power of a transducer also can be measured by reverberation
techniques.56  Such a technique is not applicable to a conventional efficiency
measurement, however, because the radiation resistance of the transducer when
radiating into a reverberation tank is not the same as when the transducer is
radiating into a free field.

2.14.2 Impedance method

At the resonance frequency of an electric coupling transducer, the motional
reactance is zero, and the analog circuit in Fig. 2.51a becomes the circuit in
Fig. 2.55 where Rm is the mechanical resistance and R,. is the radiation resist-
ance. The efficiency obviously is the ratio of the power dissipated in Rr to the
total power dissipated in the whole circuit. From Figs. 2.52c and 2.55, it can be
seen that the diameter of the motional admittance circle with a normal water
load is given by D, = 02/(R, + Rr). When the transducer is operated in air, R,
is :ero for all practical purposes and the circle diameter in air is Da = €2 IRm. It
can be shown from conventional circuit analysis that the efficiency is given by

-- .:; tR,
02 _ w(Da-Dw) (2.105)

G(Da-- -- ---2 :.iI...  - 2R G D a

where G is the total conductance at resonance.

i'i ?,R, /#1

"R

4I Fig. 2.55. Electrical analog of an oloctroacoustic transdumc when the

motional toaotancoj(Xt + X,)102 is Zoo.

E __
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Similarly, for transducers with magnetic coupling, it can be shown that

D,,.(D -D,) (2.106)r- RD,

where Dw and Da now are the diamcters of motional impedance circles and R
is the total resistance at resonance.

The impedance method of computing efficiency should be used with caution.
Electrical impedance can be measured more accurately than can acoustical pres-
sure, and therefore one might think the impedance method is superior to the
direct method. This is not true. Aside from measurement errors, the impedance
method is sensitive to the initial assumptions that the transducer is described
accurately by the analogs in Fig. 2.5 1, that the impedances are lumped param.

-. eters, that the impedances ate independent o1 each other, and that there are no
stray impedances. Many wierd lookiing impedance curves that only generally re-
semble Fig. 2.52 give ample evidence that these assumptions often are untenable.
This is particularly true for magnetic transducers. It is true also for reasons un-
connected with the transduction elemnt itself. To illustrate, many piezoelectric
transducers consist of crystals or ceran ic elements immersed in oil and encased in
a rubber boot. Removing the .vater lotd does not reduce the radiation impedanct
to zero. The oil and rubber iemain, 1, ading the crystal. If the remaining oil and
rubber happen to be near ; quartei .wave thickness, the radiation impedance
actually could be higher in air than iiv water! More details about the theory of
this technique are available in the literatute. 45 .5 4.55

The impedance method should 1e, reserved for circumstances where con-
i venience outweigis the need for absolute accuracy.

2.15 LInearity and Dynamic Range

Linearity and dvnamic ringe are iclated concepts in that both pertain to a
dependence of the transducer calibratmi on the signal level.
isLinearity has a very preciso mathematical meaning. A transducer is lilear if
its output is proportional to its inplit-lhat is, if tile quotient outp tt/input is
constant or independent ol the absolute value of either the output or the input,
Tht signal range over which a transducer is linear is found by measuring output
P& Input over a wide range of signal levels, When the output is plotted as a func-
titfi of input, usiit rectangular coordinates and linear scales, tile transducer Is
linear where the plot is a stiiiht line. For it hydrophono. tie outptt is open.
circuit voliage and tie input is free-field pressure. For a projector, tie output is
free.field pressure and the input is current or voltage.

Dyttamic range has a less precise definition than does linearity. It generally is
a rheasure of tie signal amplitude range it whicl a hydrophone cal be used to
detect and nteasuve a sound pressure. lln- standard definition is "tile differeie
between the overload pressure level and tie equivalent 1101W Iressure level."
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The term "overload" has no precise meaning in either a qualitative or a quanti.
tative sense. The overload may be caused by signal distortion, owrheating, mag-
netic saturation, damage, etc. The method of overload determination must be
specified. Any appropriate quantitative criteria, such as percentage of harmonic
content of the signal, also should be specified.

The equivalent noise pressure is the rms sinusoidal pressure that will produce
an rms voltage equal to the inherent noise voltage of the transducer when the
noise is measured in a 1-Hz band centered in the sinusoidal frequency. Thus,

: "the equivalent noise pressure is a theoretical threshold at which the signal-to-noise
. ratio is I, or 0 dB. In practice, the threshold or minimum detectable signal may

be eithe, higher or lower than the equivalent noise pressure. Measurements
seldom can be made in a I-Hz band. Bandwidths wider than I Hz generally are
used, thereby raising the rms inherent noise voltage output and masking a
sinusoidal signal having a rms voltage output equal to the equivalent noise
pressure voltage. On the other hand, modern signal processing techniques enable
signals well below a noise level to be detected and measured. The measurement
of equivalent noise pressure is discussed in Section 2.16.2.

The overload pressure level is measured by merely subjecting a hydrophone to
gradually increasing free-field pressures until the overload condition is observed.
Since the overload condition is somewhat arbitrary, it is possible for a transducer
to be nonlinear and yet not be overloaded. Magnetostrictive transducers, for
example, are inherently nonlinear, and usually show nonlinear response well
below their maximum useful signal level or overload point. The reverse also is
true. That is. a transducer may be overloaded and yet linear. The overload point
of a moving-coil transducer usually is set by the heating of the voice coil wire.
The (pressure output)/(current input) quotient, however, is essentially inde-
pendent of the heating effect. therefore, a moving-coil transducer with a hot voice
coil still can be linear. In some literature, linear range and dynamic range are
synonymous. This is valid only if one chooses nonlinearity as the criterion for
overload, and if the transducer is linear down to its inherent noise level. The
latter condition seldom exists, since noise will interfere with signal levels well
above the equivalent noise pressure level.

Dynamic range is not applied to projectors, because the minimum signal that
a projector can produce is of negligible interest. It Is the limitations at the high
end of the signal amplitude range that are important.

Some sonar transducers are driven at signal levels above the linear range, The
resulting nonlinear effects (distrtion, etc.) are accepted as less important than
other technical or economic considerations. Test cr calibration measurements
can be made on nonlinear transducers, but the measurements have very linited
application. The formal definitions of transmitting current response, free-field
voltage sensitivity, impedance, efficiency, etc., apply only to linear transducers,

- ,and the ternis have no standard meaning in nonlinear cases. When similar
* 4measurements are made on nonlinear transducers, the absolute value of at least

one of the parameters (pressure, voltage, or current) must bo specified. Since

4,i
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harmonic distortion is a common factor in nonlinear systems, it is necessary also
U to specify whether the data apply to the fundamental frequency only or to the

combined fundamental and harmonic frequencies. In general, the measurement
conditions must be completely specified for a nonlinear transducer, and the data
cannot be extrapolated to other conditions.

2.16 Noise Measurements

There are two standard general definitions of noise. The first is that noise is
any undesired sound. Thus, if one sonar signal interferes with a second sonar
signal, the first one is noise even though it may be a pure sinusoid. Sixty-hertz
"lun" or other power frequency interference likewise is noise. The second
definition is that noise is an erratic, intermittent, or statistically random
oscillation.

Some noises may be erratic and intermittent but still confined to certain
discrete frequencies. Such noise has a line spectrum, the term being borrowed
from optical spectroscopy. Other noise has a continuous spectrum; that is, its
frequency components are distributed continuously over a frequency region.

tfInsofar as measurements are concerned, we are interested in noise in the sense
of the second definition, and our attention will be confined to noise in a con.
tinuous spectrum,

Such noise can be assumed to be the superposition of an infinite number of
sinusoidal signals, each of a different frequency and of random amplitude about
some mean amplitude. The relative mean amplitude of each frequency com-
ponent varies with the type of noise. When the mean amplitude is independenta of frequency, the noise is called white noise, from the analogy with white light.

The amplitude of ambient sea noise decreases 5 dB per octave as the fre-
quency increases. In most practical cases, the amplitude is a smoothly changing
function of frequency. The total sound energy it a finite band of frequencies is
distributed among ati infinite number of frequencies. The sound one ,- in any
single frequency component, thus, is vanishingly small so that noise must be
measured in a band of frequencies.

The sound enarg in a band of frequencies depends on the bandwidth and
how the amplitude of the frequency comraonents varies with frequency. If the
noise is essentially white, the energy is prvportional to the bandwidth. Thea rms
pressure in a band of acouslic noise has no unique relationship to tie sound
energy. In most practical cases, however, the rms pressure squared (or, mean of
the pressure sluared) is proportional to tlo energy, and therefore also propor.
tional to the froquency bandwidth, An acoustic noise thus is measured by the
rms pressure squared p und the bandwid It A fin which p2 is measured. The
pressure spectrum lev,-I or PSL is definedby the equation

SL 20 lOg( L 10 log A/, (2,107)

iPo
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where Po is the reference pressure of 0.0002 pbar, and Af is the bandwidth in
Hz. Thus, PSL at a frequency fo is the rms pressure level above 0.0002 pbar in a
1-Hz band centered on fo. The measurement ordinarily cannot be made with a
1-Hz filter, and 20 log Af therefore is greater than zero. The noise must be
essentially white in the band Af, or an average PSL is measured. The selection of
a practical bandwidth is a compromise. The bandwidth must be narrow enough
to ascertain variations in the PSL as a function of frequency, but not so narrow
that the random instantaneous noise amplitude becomes so large that p2 cannot
be measured accurately. Figure 2.56 shows how a noise signal appuars on a re-
corder chart when a white noise is measured through different filters.

000 Hx

01 0.2 0A 06 Q I a 4 6 a I

Fig. 2.36. Noise 01ial moastuwd through a 6000.1z. a 200-1z, and a 204H, sweep.i. btandpi filter.

Insofar as clectroacoustic meoasurenents ore. conertiod, noi levels ire
measuted for two purposes. First, it may be somn acoustic noise itself that Is of
interest, as, for example, ship noise. The incasuromen of noise itslf requiris a
noise mtor, and the callbration of a noise mlotet is discussed In SectOin 2,16.1.
Second, the inherent noise it the muter or mneasutring system is of Interest be.
cause it is the filtmiationi on tle inilltum iliwlsurable signal, or low limit of the
dynamic range. Tiis limitation is oxpiessed as the equivalent noise pressure. It is

sussed In Section 2.16.2.
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2.16.1 Noise meter calibration

U A noise meter can be calibrated most simply by putting the hydrophone in a
known noise sound field. However, the noise field can be known only if it is
measured by a second calibrated standard meter or system. Ultimately, one must
depend on one of the absolute hydrophone calibration techniques described in
this chapter for continuous-wave sinuisoidal sound pressure. Given such a cali-
brated hydrophone, consider the noise-measuring system shown in Fig. 2.57.

U The electroacoustic element of the hydrophone is represented by the Thevenin
generator voltage e. and impedance Z. The voltage eg = Mp, where M is the
known free-field voltage sensitivity and p is the unknown sound pressure. The
voltage el is a known voltage that can be placed aci oss the calibration resistor R.
1 he meter itself includes the hydrophone preamrplifier, filters, and all other
electronic components. It may also include the signal generator for ej. The

- reading of the voltmeter, recorder, oscilloscope, or whatever else is used to
mneasure or observe the system output, is indicated by e,. If R is small in com-
parison with Z and the meter input impedance, then the ratio e0/eg = e/ei =K'
where K is a metet calibration constant. Then

eo Mp K (2.108)

T N. (2.109)

Uiwe were dealingonly with sinusoidal sound pressures, Eq. (2.108) would consli-
tute the calibrationi formutla, where e!p Is lte system calibration In tornlis of tile
hydtophone calibrition At and meter calibr ation K,

When p iw the tnts noise lifessUfo in a band of frelucies. Ul anid K must be
known for lte frequency bond. and eo must be prop~ortional to 1)2 or to thle

total power in thec frequency bond. Ordiniary voltmeters, even when calibrated
ili tfims of muis violtages. are rnot power meters. Combinig Uqs. (2.107) and

~..109) produces

PSL im10log e ZU logMUK - 20log po - 10 logAf. (2.110)

(h f ~ANu o f ite heandpass cc-til i ficquency is kiwd. Any cehan c of A n

A: withi fretltwney tiwnt ii accoounted -'or in thi; ffective bandwidth Af 1 igurc
Ji sows (AlK)2 plottedl as a func'tun of kreuenmy. When both coordinate

sU.iles are 'inear, III ilfdt under the tid~ltr ue 6~ proportlional to tho Power
thrimqh lte hydroplimiceincetr filter systeni. A lilattinetet or othier graphical
technliiu is used to dettaithis l a an ild the ail ideal fawr hawrsi



104 METHODS AND THEORY

THEVENIN ANALOG OF HYOROPHONE ELECTROACOUSTIC GENERATOR

METER

Z (preamplifir,

I SYSTEM CAITTE SIGNAL.

Fig. 2.57. Mdeter for Mtasorin acoustic noise.

shown as a dashed line is drawn having the same area under the curve. The
height of the ideal filter bandpass characteristic (MK) 2 is taken as the value of
(MK) 2 at the center frequency fo. The ideal or effective bandwidth then is Af
as shown. The selection of the center frequency f0 is somewhat arbitrary. The
frequincy of maximum (MK) 2 could have been chosen. Then, since the pr oduct

fMK)2t~fifxed, 10 log Af would decrease by the sanie amount that 20
log MK would Increase', and Eq. (2.110) would be unatffected. Thus, WX,
po, and tAf in Eq. (2.110) all are known, Wn the PSL is determined by the
meter output do.

1MMr

44
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2.16.2 Equivalent noise pressure

U The equivalent noise pressure is the normally incident sinusoidal rms pressure
that produces the same hydrophone open-circuit voltage as does the inherent
electrical noise of the hydrophone, when the electrical noise is measured as the

, .. rms voltage in a 1-Hz band. Equating these two voltages and solving for the
pressure p, we obtain

ue,
p e (2.111)

where M is the free-field voltage sensitivity and e, is the noise voltage. Theo-
retically, e, is measured ii much the same way as the hydrophone electro-
acoustic generator voltage e described in Section 2.16.1 From Eq. (2.108),

: e (2.112)

Converting e. to a !-Hz band gives

20 loge = 20loge -20logK - 10logAf. (2.113)

Usually, the inherent noiso of an electroacoustic generator without its pre.
amplifier is too low to measure. That is, the electrical noise of the measuring
system, or the ambient noise in the medium, is greater than tht generator noise.
Then, the inherent noise ii computed by assuming tle noise is all of thermal
origin as given by

44TR, (2.114)

where k t thle Boltmann ;g constant 1.38 x 10 joules per degree Kelvin, T Is
the absolute temperature ln degrees Kelvin, and R Is the equivalent series resist-
ance of the transd cer. Tit resistance R may be a function of the acoustic load,
pressure, temperature, and io fori, and therefore must be measured under the
proper environmental condltins. For tie temperature 20'C, . (2.114)
reduces to

et . 611 ,1

Cmnbitg Eq. (2.111) and (2.1S) produces

201061) -1910,9 + 10106A, + 101084/ -" 20108M. ('1t16)

I ;.

'.
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If the equivalent noise pressure of the hydrophone, including a preamplifier
or other associated circuit, is needed, then the measuring technique described in
Section 2.16.1 is used. The preamplifier then is included in the generator as
pictured in Fig. 2.57 and the calibration signal ej is inserted between the pre-
amplifier and the remaining part of the measuring system. There are some
practical problems with this kind of measurement, if both the preamplifier
output and meter input have one terminal at electrical ground. This situation
is discussed in more detail in Section 3.6.
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Chapter III

FUNDAMENTALS OF FREE-FIELD MEASUREMENT PRACTICE

3.1 Introduction

Most underwater electroacoustic .surements fall in the general category of
free-field far-field measurements. Nearly all the other methods described in
Chaptev H1 are specialized and not widely used, but facilities for free-field
measurez)iwnts are widespread. Virtually every naval laboratory engaged in

.. undersea esearch and development has a facility of some kind, as do many
naval con!ractors and some universities. Such facilities are relatively large
because free- Neld far-field measurements cannot be made on a laboratory bench
except, perhaps, at megahertz frequencies. Facilities usually are far from ideal
in providing the conditions assumed by the theory- consequently, correct
measurement practice becomes very important.

aThe thory of free-field far-field electroacoustic measurements makes few
demands on measurement practice. All that is needed is (1) a free field, (2) a
projector- ydrophone separation large enough to satisfy far-field criteria, (3) a

4", imans of measuring input current or voltage )nd output open-circuit voltage,
and (4) values of a few parameters like distance, water density, and frequency.
The parameters In (4) are readily available, but the other three nteeds are decep.
tive in their apparent simplicity, 1a free-field requirement in particular is a
very large and complicated problem. A true free field or a uniform boundless
medium is, of couvse, only an Idealized concept. A major share of the practical
problens li underwater electroacoustic measureants pertalirt to achievnt a
useful approiliatlon to a free field.

ie themretical requirements, along with tonvenlence and economy, load to
various weasutentent |trctives that are discussed m the sections that follow,
L X-tails of lneasurenlent practice vary greatly from place to place aid, of course,
they chwiage with th. For lhe muost part, tie subjects discussed here are fun&i.
%Illa~l to inultmt praticeialt ough not all the subjects apply to all
tutkll~ruttelt stwattuons.

S3.2 Natural Sies ad Fac1iies
N'atural itet like laket, imds. lirge s[pivgs. sive$, flooded q4urries, re trvirs.

ari ocer iets al Itave been usd fof fifee4"ted seMefntli.lt. Sch ites a

109
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artificial pools and indoor tanks are used also, but they usually requ ire pulsed
sound techniques and are discussed separately in Section 3.12. The basic require.
ments are (1) enough space so that interference from boundary reflections can
be eliminated by pulsing techniques, anechoic boundaries, or spreading losses due
to long distances, (2) a low ambient noise level, and (3) a water medium that is
relatively free of anything that will cause refraction and scattering, like currents,
temperature gradients, marine life, bubbles, and pollutants. Protection from
rough weather also is desirable fromt the poliit of ,'kw of low ambient noise and
platform stability, as well as for comfort and convenience.

Facility platforms are of various kinds-piers, bridges, barges, or other semi-
mobile floating structures, and boats or ships. Piers and bridges provide the best
stability and convenience. Where the body of water is large and deep, however,
a floating structure must be used and stability and convenience are obtained
through sheer size of the structure and the connections to the shore or bottom.

The critical dimension of natural bodies of water is the depth, because it
usually is smaller thtan the horizontal dimensions and because the top or water.
air surface and the bottom usually are the best reflecting boundaries. Thea side
boundaries of natural bodies of water usually are relatively distant and have
slopes that form a natural wedge-shaped sound trap with the water-air surfuce:
that is, near-horizontal sound rays will be reflected many times between the
sloping bottom and the top surface, losing a little sound energy into the bottom
or into thle air each time.

Sad, Wit, or muc- on lte bottom will be paitial absorbers of sound, provided
that there Is no decaying or Wanic material in them. If the bottom does contain
decaying orgavice material. however, bubbes of gas (usuay methavic) form con-
tinually, and it actually becomes a water-gas surface and a good reflector, 1 .2
Where both the top antd the bottwma are good rflectors, the Interferome is more
than merely twice that for the top alone, Tite two sur faces, which usually wre
approxIiately parallel, produce multiple reflections or a standing Wv between
the top antd bottoni. Such lntcrnettet can Iw niary times the tnainitude of' a
single0 reftion iterfelence.3 Concave bottomsu can produce focused falactioits
anid therebhy eduse Unusually Writ filitrfirence.

There Is nio sh~iple criltion for thle mlinlimum acceptable depth for a fiacility
site. Tito type of tiantiucer, the kind of itteawretuent and lte accutacy requhed,
tile (k enecy tanige, mid whteller coniuous wAve or lnhlsed sound Is uwdrkal
these affeet lte rcquifed depth. 1110 oxeridnce! of somei facaits h6*Vev'r plo-

* svides 9ome Keneral guidance. tkpths at- utall as 20 fee hive Noet ukid, but
largely tot lite ulta"4c friqueney Iange. For 111tautemwo"t At hell audio und

ultrason ~ -ck'sc, dlepthis of 25-50 (em are typieAl, o ffetiumiciet bWOW I
l4ift howtvmr (he 2~S foot dqpth 4 nisgiil. it tht rrsaurealetits ate beding
wa1de Ott wide-baid traiducdrs Withi aph taly contunt teti"nse at Wei'
tivity. bounidaty itdeterue usi~ly gan be teitognizd mid corsectio"s 1can b

* made. Tranisduers Wii t waw Wow I kilt should be calibrated in dooper
WAter whereo ttaiudoce depths of tile aider of So fet r imero ate fcalbit.
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Fish can be a problem if ono must rig the transducers az a shallow depth where£ fish are present. The gas-filled bladders that many fish have act as bubbles that
resonate in the audio-frequency range.

Piroducers of arrbient noise include boat or ship traffic, nearby machinery
(particularly pumps coupled to the water), trucks, railroads, rain, and wave
motion. Surprisingly, large airplanes are a source of noise interference bucause
their noise level is so high. Even with a 30-dB air-to-water transmission loss, the
noise from an airplane can produce a high noise level in the water.

Temperature gradients are tioublesoine when they are present at or near the
depth at which the transducer. are placed. The sound waves are refracted and
this of course can cause errors in measurements. Figure 3.1 shows some tempera-
ture profiles or therniocliras in tAke Gem Mary at Orlando, Florida, before
measures were taken to eliminate the gradients. Some species of fish apparently
prefer certain water temperatures, which leads to concentrations of fish at certain
depths. Temperature gradients in small quiet bodies of water are greatest near
thv surface and in warm weather. In deep lakes, the gradient becomes negligible,
for purposes of electroacoustic mneasuremients, at depths of' 5O-100 feet. A spring
usually will be almost isothermal ;und have no gradients. Smali lakes or ponids can
be made isothermal by forced vertical circulation of the water. A high-capacity

- low-pressure purap is used for this pupose at Ohw Dodge Pond Facility of thle
Navy Lnderwater Sound Laboratory in New London. Connecticut. At Like Gemt
Mary in Orlando. Florida, high-premsre air is released througk a grid of perfo-
rated pipes supported near the bottom beneath thlt. measurement workingt area,
Tho bubbles rise to thle surface. and produice vertival circulation tit the process.
Tit circulation. maintained for a few tlus each igt, keeps the whole 800ft.5 diameter, 30-ft .deep lake ahppruoiately isothenit.Al. Vertical eiculatloo also
lallibits thle Production of toethane bubbles by anavrobic bacteria oin thle bottom,

Clue n water is helpful although not niecessay. Artificil pool% and tank* can
be kept clean bty ciculation and filtefingp. Thin plastic linters suich as would be
uwdi for a deep irtificial swilmitiiig pool can be used to accomplish thle sanw
put pose in natural bods (if watet. Thle ittr is suispended III the water an"d fomts3 ani -ifclosed pool within the iafger lake ot pand. The plastic Is ucoustically itans.

* p~~la.int so thle ffee-fldc n ertc of thle 31liar ntal body of water axe
fton-ed, but tile Collfilld witer can bo filleted to kee'p it 0le01.

t~eailt(eitit 61hon tit Vtgl. 1.2 to 3.7 mr ttre of flatwl smt used
by naval achvities anid cntiactu. Thle TRANStUC facility shown in Fig. 3.7
it an . .ifliwl pool, but is uouwnally large, and inotre newrly cliaracerltik VCan
outdoot ntatucal site facility than of go Utdoor artifiia pool or twik

Ira, jerttha ONe t.lrnq N'tii (of 11fieliou 41 tile wAter IlluOIj bt
thorowohly washed Withi a w'titng agent. It is vit.'hly inpoat 1tA all m.

erads, ~hre, owner. ar'd &o toith1 ke Coueilcely oehnmiate. It is ltiluani also
dial the tempeature of the ttwnduot be cquaiiut with that ot the witter and



112 FUNDAMENTALS OF FREE-FIELD MEASUREMENT PR.ACTICE
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Fig. 3.1.. Typical thermoclinos In Lake Gem Mary, Orlando, Florida. Aveage
depth of the lake near the calibration facility, is 8-9 meters.
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PIp. 3.2. Lae Facility of the Underwater Sound Reference Divison of the Naval ReweachU Labouatwrv at Like Gecm Mary near Orlando, Florda, The structure consists of three parallel
and essntiAlly identical piets supported by widely spaced luhutu pili driven deep Into
the bottomoftOw lake. Waterdp amh the plsbais 9 ert.
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Fig. 3.3. Leesburg Facility of the Underwater Sound Reference Division, Naval Research
Laboratory, near Loesburg, Florida. The structure consists of a floating platform and walk-
way supported by steel Navy pontoons filled with foamed plastic. The water source is a
slow-flowing spring 30 meters deep over a 30 x 60 motor area.

picture. Tit water level 6 subject to Large dand gpid '.l go.,u nd tIwN 1, -tig .uel. u Is
tuocy tied to the Showre .A 1s toAllow fkit thu vlkogc.

S,

S.-
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S.-C.

Fig. 335. Inilty of the Nav" Underwatet Sound LAbor~iaory at DodVo Pond near Now
London, Cinectttul. The Iwitd Is about 12 moturs deep. T~he structuret It floating and
supported 1-v p'ontootis. Thto walef level is stable. Ilia structuic including Iiao walkwaY
(&Wd dzlvcw~ty) als ii %table anibm uind futions %omewhat Uke a Maoting plot.
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Fig. 3.6, Facility of the San Diego Division of the Naval Undersea Research and Develop-
ment Center on lake Pend Oreille in northern Idaho. The lake is about 200 meters deep
beneath the floating barge, and meoasurements arc =ado at depths of 30-60 meters. Long
anchor lines connect the barge to the shore and bottom.

444Z

Fig 17. THtANSfL C BVacil~ of tile Nav4 Vildorme Re-kewel and DI)ollffent (Veuite*,
*Ur oNsifit Lomo, San iego, Cihl; niA,11 very Lugo tillcu 11 6 iii b atudw4 by a Owkiy

HgwV4YP* sUtwt.
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stabilized within itself. If a transducer that has been lying in the heat of the sun
or for any other reason is unusually warm is put into cool water, air bubbles may
coilect on its surface. The warm transducer will heat the water layer next to the
transducer. If the water already is saturated with air, the air will come out of
solution and cling to the transducer because air is less soluble in warm water than
in cold water. Uneven temperatures within a transducer also may cause stresses
and strains. It is good practice to soak a transducer several hours before measure-

U ments are made.
The rigging structure that suspends or holds a transducer in the water should

be acoustically as invisible as possible. In practice, this means a structure that is
as light as is feasible, consistent with other requirements of mechanical strength
and rigidity. Lattice-work is preferable to single large beams. Pipes and hollow

:" rods should be free flooding. The structure should be as remote as possible from
the transducer diaphragms or active faces and the acoustic path between the pro-

• jector and hydrphone. Care must be taken so that parts of the transducer that
normally vibrate, intentionally or otherwise, are not clamped or damped by the
rigging. Figure 3.8 shows a typical rigging of small transducers.
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Both rigid and free-hanging rigging is used. In the rigid type, the transducer
is rigidly connected to the supporting platform. In the free-hanging type, a
gimbal or a ball-and-socket-type suspension is used so that the transducer hangs
freely from the platform. The free-hanging type is preferable where the trans-
ducer is a symmetrical or balanced load, and where especially deep rigging is
used. The rigid type is used where unbalanced loads are difficult to avoid. For
example, if a transducer consists of a cylindrical housing with the diaphragm or
acoustic center at one end, rotation for directivity pattern measurements must
be about an axis at that end, as shown in Fig. 3.9. Counterbalancing is possible
but difficult with a free-hanging suspension. Precise counterbalancing must be
done in the water so that buoyancy effects are included. For unusually heavy
unbalanced loads, even rigid rigging may need counterbalancing as shown in
Fig. 3.10. Counterbalancing for a rigid structure need not be precise. The
counterbalancing weight should be kept remote from the transducer.

S.,

+ l'Ool~l ©04Pt0o1

VIA. 3.9. R40~ ti"lag (at louwn A unalinu~d 10~d.

II
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countolweiOt

1-'1. 3. t0t. lfti~d mW untogbahjicd ui foe ,tIwAvy wimblcd laW.

lit most '"wilitivii tile ItifdUcers are su~pcnded frol canra~es that can be
iw Ad 01011. rftl on, tile plittfowm Is amrt19IP Ine akes it easy to adjust Olw

diswtilce bet veen 1th roItor and tile hyd'ophone.
iThere git four normaliti wltoCn requireitvents. t ) Tito projector and hydro.

Pilic must be at tl;# sate depthl. 03)1110 projector and hydlrophowne sapaaton
r *mom be knt-wit V3) 11wi directloo of tho avoustic mis of emwct transducer must

be known. (4) Whin it otawtn Is intvolved, tle axis totation mtust be known,
Ali pusitlots are detellitivied relative to die mcustic cater of the trainklucei.

Tile chohe of the ucusti, center can be jrbflrat-. At%) point on, or owcn
10eite fruit . thle In.-Isducel vall be ahosen. Iloweve'. If (Ile real Acoustic center,
of 114111 oil proict lot (tl which fthe triats,11ittd .sid appears to 00maa. k~
nutl die salw as thle J1hosen cousic wet, thett the "Iydiopltw 11ust be PL~wd
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so far away that the separation of the two centers is negligible. That is, the
projector-to-hydrophone distance would have to be about 100 times the distance
between the real and the chosen acoustic centers or farther. Consequently, in
practice, the acoustic center is chosen to be as near as possible to the real center.
The real acoustic center is known accurately only for some symmetrical radiators
like spheres and cylinders, where the acoustic center and the center or symmetry
are the same. For piston radiators, the center of the piston face is used. When
the transducer is of some unusual configuration, the location of the acoustic
center may not be evident. Then, distance loss measurements can be made. For
example, measure the pressure at two different distances d, and d2. If the
assumed position for the acoustic center is the correct position, the ratio of the
measured pressures should conform to the inverse square spreading law; the pres-
sure level differences should be 20 log (d2/d1 ). If the measured difference is
lower than the computed difference, the assumed acoustic center is too far
forward. If the difference is too large, the assumed center is too far to the rear.
This test is illustrated in Fig. 3.11. Obviously, if both d, and d2 are large, the
error due to Ad in Fig. 3.11 will be small. In this test, it is assumed, of course,
that there are no distance loss errors for other reasons such as are listed in
Section 3.5.

assumed acoustic oftlif0"t oia" r" - "H ro iw

G4041'1 dishime I 1 20 11 1 /d1ti

Good precision In poistionlng It potable, aid position errots are not critical,
It is easy. for example, to positiun the projector and hydeophtme with a spAra.
Hin eror of let lia 2%, md a 2% etoat would caus a ptesaiue level etror of
less than 0.2 d8.

Inaccurate orlontation of die acoustic a5l I i*s1to seious than position errors.
Aondegree 11tilutint of lte axii cwi result 41 Presswe level ortort ~ovral

6'i
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dB where the level is measured on the side of the main lobe of the beam pattern.
Large transducers sometimes arc oriented acoustically; that is, the orientation
that produces maximum response is taken as the acoustic axis.

Errors in depth can lead to the unusual observation of a negative distance loss.
The apparent pressure level will go up instead of down as the projector-to-
hydrophone distance is increased, if one of the transducers has a narrow beam.
The effect is illustrated by Fig. 3.12. At the short distance, the hydrophone is
below or to the side of the main beam. When the separation is increased, the
hydrophone angle error becomes smaller or the acoustic path moves closer to the
maximum of the main beam. The signal increase due to being higher up on the
main beam exceeds the distance loss, thereby causing a reversal of the normal
distance loss.

F48 3.12. Inve distance lossAp due to deptli oc d.

For recording directivity patterns, transducers almost always are rotated aboutSa vertical axis. with the transducer being reoriented in the hanger to obtain pat.
terns in various planes. The mechanical rotator usually is above the water, except
in soe very deep water facilities.

3.4 P[oxmity rteria

U A projector and hydrophone are separated by the minuhnum acceptable dis.
tance In order to ntinimize interference front roflection&. The criteria for the
mlnimum distance or 1iroxtntty ar a function of the sire and configuration of
both transducers and of tie type and desired accaracy of the mea-surement.

The proximity criterion for a projector Wlonw cornes front the requirement in%.
plied in the definition of the trarmnitting current or voltage response th|i the
pressure be that in a spherically diverging wave. The teereince distance is one

tmeter fronl tho projector, If tile wave Is not spherieaUy divergent at one meter,
however, the pressure must be measured at sote larger distance slid extraplated
back to one mooter by iniWnW the aissption that the pressure is inversly pro.
pottional to the di t c.

';'> The proxilmity requit elic for a hydrophone wolnes froll INh definition of
Oie frie4luld votge w.sltivity in which dtw input ftoo4loii preisst is soltxicd

4.-
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as that in a plane progressive wave. Plane wvaves can only be approximated in a
free field, so the practical requirement is that the hydrophone intercept a segment
of a spherical wave that is indistinguishable from a plane wave. That is, the
segment must be very small or the radius of curvature of the wave must be very
large.

The question of sufficient distance between projector and hydrophone call be
* answered experimentally. With a constant current into the projector, the output

voltage of the hydrophone can be measured at two or more distances. If the
* voltage is inversely proportional to the distance, the proximity criterion is satis-

fied. However, if the desired proportionality is not found, the error may be due
to causes other than proximity, and the question is not answered. For such
reasons, as wvell as for measurement design and planning, proximity criteria and
an understanding of proximity effects are useful.

Proximity criteria are available in the literatute4 .5.6.7 for transducers of com-
mon shapes like pistons and lines. These criteria apply to single transmitting
transducers in that they define thle distance at which the Fresnel zone or near
field ends and the Frau nhofer zone or spherically divergent fat field begins. When
applied to projector-hydrophonte combinations, these criteria are valid only if
the hydrophone is essentially a point sensor. If neither the projector nor the
hydrophone is a point, a proximity criterion for the combinations must be es-
tablished, This criterion is not merely the suil of the individtial criteria for the
two transducers.

Although proximity criteria for single tratisduce-s usually are visualized in
termis of where the spherically divergent for field of a projector beglins, the
criteria apply also to lte transducer oq a hydrophane. Rom reciprocity theory,
it is apparent that the proximity criterion (fo tlia combination of a latgL piston
and a small point transducer. for example, nmust be thle samte. reprsiles of which
is the projector and which is lte hydrophone.

The combination of a large circular piston anti a small point transdhtcar is a
commnon and particularly suitable examiple to illustrate thle theory and rationald
of pioxlinity criteria.

If tho large piston is thle Projector, thle sound pressure Oil tile pisonl axis, au
would be measured by a point Itydrophone, is shown in Fig. 3.13. Thet dashed
curve showing the Inward extrapolation of the far-field pressure meets thle solid-
linle curve very gradually, indicating that there Is no (exact boundary between necar
field mid far field. It Is not soirnisitig, therefore, that the proximity cei r~f
different authors do not always agree,

If the lurg piston were lte hydrophotne and tho projector word a point source
on lte axis o1 lte pistol], tilt waves hmpinging onl 'die piston would he Sithericil
rather than plane. The inagim~udo. of lte litssum at fihe pew iphety Of the piston
would be less than tit lte iddle, wid lte pressute would vat y in phase 4s one
mnoved from tilt middle to lte leilery. TIme wverjage free-field pressure at tile

* pu~lon of lte pistonw face clearly would be let" than the ptrsute at lte iniddle
or OAxi Point of thle Pigott diaphrtagmn. If -u 19otted this avorage (tee-fClw
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Fig. .1.13. ReLtivr pressure p at dhmim x on the axis of a cucular piston projec-
tor of radtus a for sound of wavetlenth A. Also, the aveaige f(ei-field pr. c

* over the moa of a circular piston hydtopione o rdius a, from - Poin ptoieotw
al distan e x on tli hydrophono axi.

presmurc as a function of the point projector's posltlon ',' tile axis, tile
shape of the curve would be identical to that 11 Fig. 3.13. The proxinuit)

S eriterion for the piston hydrophono cam wuu.td be the same as for the pitox1
projector case.

Thi pfoximity criterion for a circular piston in a rigid baffle is found by
analy1i% the extteuion for te axial pessule:

* p = t !(x =) xi (3 1)

whele p is the water density, r is the sived of sound, u is the piston velocity,
,k I th10 wave lufber, A is the w avelngth, x i the axa distae, wid a is
de plston radius,

- In Ow fir field. Eq. (3.1 teduce to

iMlhtlttall i, the proxiuity coteritm ,lIate, to the, quetloI or whot
a1tplymintiomato are rt mvrl to teduat -q (.10) o 14 (3.1). IT'h aic.
nutiwn Wte found as follows:
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The term (x2 + a2 )v- is developed by the binomial expansion into the
irfinite series

"-" -a 2  04(X2 +a2) = + a- - - + .... (3.3)
&"2x 8x3

and only the first two terms of the series are used. That is, the approximation

(x2 +a 2 ) a x + L (3.4)

is valid if

a2 >> or a «2. (3.5)

Substituting Eq. (3.4) into (3.1) produces

P Pc sn ~] 2pcu sinl I (3.6)

As the second approximation, we use the common expression sin 0 ~ 0 for
small angles, or

" ~ ' (3.7)

I or " x. (3,8)

Subsuting E.(3.3) into, (X.6) y~eld

Equaton (3,9) i lhe (ar ,fld exNpew n whiaa p is inetsdy ptopotlonel to x
Vie appoxlimalitttuiors of E4, (3.4) id (1,7) ate Shuwn i1otg., 3,14. This

iguto sltows how the atia deletid on the avbitiy 1tik of male
a urcy, fi igawtrl. the oinutiU Valud of x at Iiglh f~uemtwit is Wt by 1h2
4vplahlo vivo in Fig. X.14b. T4~ inotiinum distance Y beooluns smallk- ts the
frcqucnl ni mwy deas id at low ftewucitciei tt tachs a ctimstwit alua WtI by the

eueptabla oao in iF*. 3.142a Thi i ilhittatd IW Fig. 3.15 for the Ia
,+a t Ican wlis ech stlijg tiWW coeosuds to o1 of the sWe.al fulltuia
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indicated. At and near the points where the linos intersect, the maximum error is
the sum of the two errors.

.0

,- 0

0to

0 . a o .

.0 all.t

Fij. 3.14a. LKnot in usin only tile ist two tems an the binomil gxpansion of (x2 a),

to-iiet
, 

30 LO Mi

Fit3,14b, E no in theal ~i m llo t tW i o f r & & u ah the

1hs .dt -ct wx (otunfo a -a 0.101

(110

and

but W vildt a showait in 4i . 3,14 AW 3.1$ we used frqueany.

* S
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for f ,Id

X.2a IiK
(Y
W 0 .1 X- -=0- .5 - -1

.o 1.B A=0.9 - - -

.06c

lrnnumerrorl In-
a 0.1eter

.02 C 8500 motuw,/u

1.0 2 4 6 a 10 20 40 60 80 100
k~Nz

Fig. 3.15. Minimum distance x between a circular piston of radius a and a point
transducer according to the proximity criterion shown on each line.

There are two proximity criteria because waves are characterized by two
parameters-phase and amplitude. The criteria In Eqs. (3.5) and (3.11) and the
error curve in Fig. 3.14a are independent of wavelength and relate to amplitude
requirements. The criteria in Eqs. (3.8) and (3.10) and the error curve in Fig.
3.14b relate to the phase requirements.

Criteria for transducers other than uniform circular pistons are developed In a
similar way. Hlowever, where the shape Is not a simple circle, square, line,
and so forth, calculations may become impossible. Fortunately, expori.
crice shows that loose approximations can be made about the shape of
transducers.

For squat pistons, the criterion isx >w2 /X,where w is the width of one side
of the squaw~. The criterion for a square and Eq. (3.10) for a circle can be com.
bined into

4area (3.12)

. I, lI
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and used for any uniform piston shape (hexagon, octagon, and so forth) that
Uapproximates a circle or square.

Nonuniform pistons almost always are of the type having a shaded or tapered
velocity amplitude that is maximum at the center and gradually reduces to zero
at the periphery. The effective diameters or widths can be taken between the
points having 0.5 normalized amplitudes-that is, between the half-shaded points.
If the shading design is unknown, the safe step is to assume that there is no
shading.

The criteria for lines or thin cylinders are

•" X ; - (3.13)

and

x > L, (3.14)

where L is the line length. Both Eqs. (3.13) and (3.14) are very conservative, but
they are useful in that they combine easily with piston criteria to provide two
simple and general rules. From Eqs. (3.10), (3.11), (3.12), (3.13), and (3.14),
one can derive the general rules for response measurements with pistons and
lines:

(m xmum dimension) 2  (3.15)

x > maximum dimension. (3.16)

3 Figure 3.16 is a chart In which Eqs. (3.15) and (3.16) are used for the general
, cases of transducers that have various maximum dimensions. These are conserva-

tive criteria that allow errors of 0.5 dB or less.
* When distances that are too short to meet proximity criteria must be used, the
corrections shown in Figs. 3.17 and 3.18 can be used.5

The general criteria given in Eqs. (3.1S-) and (3,16) apply only to such cases as
the piston and thin c) tinder or lin-. where the diaphragmi or active area or the

* , transducer lies apprn x"isately in a plane normal to the acoustic axis. The criteria
assure that both the amplitude and phase of a sound wave inpinging on the plane
from a distance x are uniform and thereby simulate a plane wave, For trams.
ducers if which the diaphragm is not planar (a thick cylinder, for example) and
for dirmctivity pattern measurements where the diaphragm does not remain in
one plane, additional limittions are necessary. Proxilmty criteria for such cases

S-,

V,
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____o _

i'-6 7- -

+e+

6 N II
AA

-- 4 --

.. 2

' '0

1.0 2 4 5 6 8 10 20 40 60 80 10

+11 Fig. 3.16, Minimum distance x between a transdlucer of maximum dimension D and
a point hydrophone, according to the crterionv x= D2/?, and lower limits 4s shown.
Speed of sound Is taken u. 1500 m/sc.

- - are not very amenable to calculation, but they can be analyzed by considering
+: the diagram in Fig. 3.19. Assume that the circle shown either is a cross-section

_ ;, of a thick cylinder or represents the volume swept out by the rotation of a plane
o' transducer. The spierical-wave segments impinging on the transducer position

' then must simulate plane waves over the entire volume occupied by the trans-
':, duat.r The spherical wave segments become more piano as the radius of curva-
+'.; ture icroascs, Further, tihe phase of the pressure (but not the particle velocity)
2 in a spherical wave Is Independent of tihe curvature, Consequently, if the phase
~proximity criterion of Eq. (3.1 5) is satisfied for the near edge of the transducer

(x, > D2/X), than the criterion of the far edge (xa O'*D ') should be satified
• +, also.

With a similar argunmnt, if Eq. (3.16) is satisfied by xt Io D, then the criterion
.| x3 ; D is satisfiod automatically. However, Eq. (3.16) assures amplitude uni.
. fatity only In a lateral direction . oe we also need unplitudo uniformity Wn a

-I-

tI0

- -.

6 _ _; _ _- -

\ ,:
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. -1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3
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0:p0
0

0 2 4 6 a 10 12 14 16 Is 20

D/X

Fig. 3.17. Spherical-wave correction for circular piston. Correction to be added to ineas-
used response. (From reference 5.)

.k L1 ~0 0.9 at 01 0.6 0.5 045 04 0.350.F0 7
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111. 3.18. Spherical-wave correction for a uniform Umn. Correction to be added to
ineamued response. (Prom Wefeec 5.)
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22

Fig. 3.19. Approximnation of plane proKgrouvo waves (dash" lines) by segments of
spheWica waves over a volume of diAmeter .

longitudinal direction. To a-umt a mioimum variation of I dB between ite near

and far edge of the transducer, we must have

x ;; ICI* (.17)

The I -dB variation does not necessarily correspond to a I .dB error. Tie idgh
pressure In the front and the low pressure in the rear usualy will average out to
the pressure in the middle, and the error wilt be considerably les titan I dB.

Equation (3.17) is a more v-ingent requirement than x k D2 /h, unless
D ;) IOX. Since very few transducers have dimenions of 10 wavelengths or
more, Eq. (3.17) becomes the key criterion Ill designing calibration facilities. It
is also tile basis for the conclusion that pattern measurements require imiore space
tiao response meawrements do.

If one Is measuring the end-fire response of a uniform line, Eq. (3.17) would
4: be used without qualification. In nuany practical cises, however, a lesser distancm

x can be ued for o of three reasons.

41

4.
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First, in many pattern measurements, the interest is focused on the pattern
near the acoustic axis-say in the 60 sector centered on the axis. If a piston
transducer is rotated only through the angle from -30' to +300, or if the
accuracy and proximity criteria are applied only within this angle, then the dis-
tance to the near and far edge, or to xI and x 3 in Fig. 3.19, differ by not more
than D/2. (See Fig. 3.59.) Then the criterion would be half that in Eq.
(3.17).

* A second practical case pertains specifically to the common circular piston
transducer. Imagine in Fig. 3.19 that the circle represents a circular piston at
900 or 2700 orientation. The piston area near the source at approximately the
distance x I is smaller than the area at approximately the distance x2 . Similarly,
the area at distance x3 is less than at x2. The piston functions as a tapered or
shaded line-more sensitive at the center, with the sensitivity gradually diminish-
ing toward the two ends. Consequently, errors in pressure magnitude at the ends,
or at the near and far edges of the circular piston face will have less effect than
if the transducer had uniform sensitivity (as would be true with a uniform line
or square piston).

For these first two reasons, the criterion of Eq. (3.17) can be modified
to

x 5 5D. (3.18)

The third reason pertains to transducers that are thick cylinders and others
that have part of the diaphragm facing in the 1800 direction. This part of the
diaphragm is in an acoustic shadow. Regardless of what the free-field pressure
is in the shadow zone, the applied pressure is low, and contributes little to the
sensitivity. Consequently, the effective thickness of the transducer is less
than the real thickness, and a less stringent criterion like Eq. (3.18) is
permitted.

Equations (3.17) and (3.18) are used to define low limits in Fig. 3.16 that
apply to nonplanar transducers or pattern measurements.

Having established that x > 5D, It makes little difference which of xi. x2, or
x 3 In Fig. 3.19 is used as the transducer separation distance. However, it already
has been specified that the -oustic center should be used. Thus x2 would be the
normal selection, and wooki tend to minize errors to the greatest extent by
averaging.

Proximity criteria for the ase in which both transducers are of some finite
size have been determined by Sabin for (I) two circular piston% of different di.
amoters, 8 and (2) two parallel lines of the same length. 9 Figure 3.20 Is a graph
from Sal n showing proximity errors for the two-piston case. The curve A -* *
corresponds to the curve in Fig. 3.14b. Figure 3.21 is a plot of pressure versus
distance for the two.line case. Front Fig. 3.21, it can be sen that the criterion for
errors of I dB is VA, and for negligible error, 2L I),.

t f

t

U,
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+80

+60

40+4.0

+20s

Fig. 3.20. The proximity error for two circular pistons,,? is the wavelength of sound in
the medium, a I is the radius of the circular piston source, a2 is the radius of the circular
Piston rciver, A a1/a21 X is the separation distance between piston and receiver 6P is
the proximity error in decibels to be added to the measured response. (From reference 8.)

-10 ~

I Fis. 3,21. 1he ttlAtive avctage peeswre Acitvi on a hydtaphone Ju a ftiton of' the
4 *tovhydtphoce distanot when the pialmur an~d hydtaphw ate two paradw
I ~~ ~ w of~ at leth L. (Romt teto~ 9.)
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YamadalO has investigated the case of two rectangular transducers and gives
N ,a spherical wave approximation criterion:

x > k(l +y2)[(%W) 2 +(,.L)l] (3.19)
6

where k is the wave number, W is the projector width, L is the projector length,
U and y is the ratio of hydrophone width to projector width. It is assumed that the

two rectangles have the same shape. For the case of a square projector (W = L),
and a point hydrophone (y = 0), Eq. (3.19) reduces to

x > - , (3.20)

or about half of the criterion in Eq. (3.15). For the case of two identical squares
(- = 1), Eq. (3.19) reduces to

x > (3.21)

Yamada's criteria are rather liberal as illustrated by one of his curves in
Fig. 3.22. The ratio of the two curves forx given by Eq. (3.19) is about 1.4, or
the error is 3 dB, and corresponds approxinately to a point in Fig. 3.20 for
A = I and ra2/x a 1.0. It would be necessary to use about twice the distance
given by Eq. (3.19) to keep errors less than I dB, In which case Eqs. (3.20) and
(3.15) essentially agree.

3i

.4 0

0.1

-~ I% I-
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0- o 015 ,.o o o~ o 1 o0 o o.o ooo
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3.5 Basic Measurements and Instrumentation

The basic parameters measured in a typical electroacoustic measurement are
(1) the projector input current i or voltage e, (2) the hydrophone open-circuit
output voltage eoe, (3) the distance separating the projector and hydrophone,
and (4) the frequency. These basic measurements can be made with instrumen-
tation shown in Fig. 3.23 and an ordinary meter stick. In practice, however, the
instrumentation, aside from the meter stick, seldom is that simple. A power
amplifier in the transmitting system usually is necessary to increase the projec-.
tor's acoustic output to a useable level. Similarly, a voltage amplifier may be
necessary in the receiving system. Electrical filters are used in the receiving sys.
tem to obtain maximum signal-to-noise ratios. The projector current i is
measured as the voltage e across a series impedance so that all the electrical
measurements are of voltage. Then the same voltmeter is used for all the elec-
trical measurements, and errors in voltage ratios are minimized. It can be seen
from Eqs. (2.1), (2.3), (2.6), and (2.19) that most calibration formulas contain
voltage ratios or voltage/current quotients. The signal generator usually is a'wide-
range oscillator or a frequency synthesizer. Where an oscillator is used, a fre-
quency standard or counter may be needed to monitor the generator signal, de-
pending on the quality (and cost) of the oscillator. A typical calibration system
with these additional features, but still with discrete point-by-point frequency
changes, is shown in Fig. 3.24.

Still more elaborate systems for continuous sweeping through the frequency
range, analog recording, and using pulse techniques are shown in Sections 3.7
and 3.8.

CAIBiRATED
SIGNAL VOL MTER V ETER (HIGH INPUT

WUKRATOR NPECANCE)

PROJECTOA I ) VOIWPWNt E

TRANSIAlT YINO CEIVING
5V311M SWITM

lt ).23. tl mlutmeamaum fot le aaouu ueAmtemats.

4,

. . . ..4 ... - ". . .*- " " I " I I 1 I " II I '' i iI I li ll
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VOMETER

SIGNAL POWER VOLTAGE
GEN APP ILTER

PROJECTOR HYOROPHONE

Fig. 3.24. Calibration Instrumentation for point-by-point electroacoustic measuroments.

The signal levels in calibration measurements usually are low. The range
in typical basic measurements, based on hydrophone sensitivities of -90
to -110 dB re I V/pbar and projector responses to 40 to 80 dB re I pbar/A,
is

pressure level: 40 to 70 dB re 1 pbar
hydrophone voltage level: -70 to -40 dB re 1 V
projector current level: -20 to 0 dB re 1 A
projector voltage level: 0 to 60 4B re I V

Voltage and current levels for impedance measurements with electrical bridges
are even lower than these. If a transducer is linear, it makes no difference what
the signal level is, so long as it is large enough to be well above the ambient
acoustical and electrical noise levels and small eaough to avoid overloading the
equipment.3If the transducer is nonlinear, or If the transducer Is exposed to signal levels

.* above its linear range, then the defined meanings of sensitivity, response, hi-
podance, and so forth, is lost. The special problems of hlgh,,igltal neasurements
is discussed in Section 3.9.

The electrical measurements required by the calibration formulas (Eqs. (2.1),
(2.3),(2.6),(2.19), etc.)should be made ut not less thai two separation distances.
With the roiling carriage arrangement shown in Fig. 3.8, this distance change is
easy to nake and It provides a check or cross-check of several kinds. The two
distances are chosen so that the distance loss of the signal is some convenient
tnumbur of decibels. For example, If the distance Is chapgod from 30 to 40 cm,
the distance loss is 20 log (4/3) or 3.5 d!). Similarly, 20 log (S/4) a 2 dl), and

' "20 log (2/1) a 6 il. If the distance loss measurement and theory agree, than all
of lite following neasureneont conditions are satisWd:

L 
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S1. There is no proximity error.
2. The acoustic centers are properly chosen.
3. The system and the medium are stable.
4. The receiving system is linear.
5. The transducers are properly rigged.
6. There is no boundary interference or electrical crosstalk.

In the absence of the correct distance loss, one or more of these conditions
probably are not satisfied. The distance loss test might fail at a single frequency
because two errors of different kinds might cancel each other. The probability of
error cancellation at several frequencies or over a frequency range is negligible.

3.6 Voltage Coupling Loss

When a hydrophone containing a preamplifier or o:.her kind of associated net-
work is calibrated, a choice must be made as to where the hydrophone output
terminal points are. That is, where are the terminals across which the open-
circuit voltage is to be measured? If the terminal points are selected at the end
of the cable, then the preamplifier and the cable become an integral part of the
hydrophone and affect the hydrophone sensitivity. If the terminal points are
selected as close as possible to the generator (the electrodes of a high-impedance
piezoelectnc element, for example), then a measurement of the hydrophone
voltage coupling loss becomes necessary.

IHydrophone voltage coupling loss is defined as the ratio of the open-circuit
voltage of the hydrophone generator (usually a piezoelectric element) to the
open-circuit voltage at the output of the preamplifier and cable or other type of
associated network. Note that with this definition a true loss is a number greater
than one or is a positive number of decibels.

The coupling loss and its measurement is straightforward in theory. In prac-
tico, however, the theoretically assumed conditions and the measurement are
subject to several types of subtle errors that make the measurement difficult and,
in some circumstances, impossible. Although we are concerned primarily with a
hydrophone Z!tf contains a preamplifier, the theory and practice here applies
equally well to any passive hydrophone and the first amplifier in the voltage.
measuring system.

The coupling loss Is the sum of two effects. One is the gain or loss of the pre-
amplifier itself. The other is the voltage loss due to the fact that the preamplifier
does not have an Infinite Input impedance and consequently the voltage across
the preamplifier input Is not a true open-circuit voltage. Figure 3.25 Is a sche.
matic diagram of a hydrophone with a preamplifier. The piezoelectric generator
is represented according to Thevenin's Theorem by the generator open-circuit

7 eoe in series with the generator impedance Z ,.The amplifier input impedance is
Za.The amplifier input voltage e will always be measurably less than e.., unless
Z, >>Z,. Since Zg often is many megolus, the assumption Z, >> Z8 generally
is not valid, and the voltage e, Is attenuated before It is applied to the preamplifter.

S:l
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11g
CRYSTAL PRE AMP 0o

CALIBRATION- -- .
CIRCUIT -T- Il, m

Fig. 3,25. Hydrophone circuit as represented by a Thevenin generator and a pro.
amplifier. Stray impedances axe shown in dashed lines.

The coupling loss is, by definition, the ratio e0 c/eo. The'loss is measured by
inserting a calibration signal in sCries with both the piezoelectric generator and
the preamplifier input in the manner shown in Fig. 3.25. The calibration resistor
is kept small (typically, 10 ohms) so that it does not measurably attenuate the
voltage e., and so that the calibration input voltage el is essentially an open-
circuit vohage across the resistor. Then el can simulate e,,. That is, the
input/output ratios eoc/eo and el/e0 are the same. The voltage e is measured
across a second external 10-ohm resistor as ei'. This procedure is valid, if the
shunt capacitance of the cable shown by the dashed symbols in Fig. 3.25 has an
impedance much larger than 10 ohms. Alternately, the voltage el" in Fig. 3.25
can be used if the series inductance and resistance of the cable can be neglected.
If the cable is very long, say more than about 100 feet, neither el' or el" is the
same as e, and the measurement becomes impractical. In such a case, end-of-
cable calibrations are used.

Designers and users sometimes are tempted to use one conductor to serve as
tile low-potential or ground conductor for both the calibration circuit and the
preamplifier output circuit. This is a mistake, since the two circuits then are
coupled by the common small but finite impedance of the common conductor.
Signals from the calibrator circuit are Induced into t.!:c preamplifier output air.
cult, bypassing the preamplifier.

A common source of trouble in coupling measurements is the electrical
grounding conditions. There are no simple rules to avoid such trouble except
that the user should be alert to circuit complications due to stray impedance and
multiple ground points. Crystal electrodes, cable shields, and the transducer
housing all have measurable capacitarwo to ground or to the water inedium. A
single ground or zero potential point is difficult to ichieve In practice. Fresh
water is a much poorer conductor titan salt water, and the electrical grounding
conditions In the two media can be quite different. Figure 3.25 tilustratesviaous
stray impdances.

m x , , .. .. . . . + ' + ' "- . . 1. 11.1.1. . .'1 . . .-- I, 1 11 I I I II II
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Near resonance frequencies when the motional impedance of the piezoelectric
generator is a significant part of Zg, the acoustic load on the generator during the
coupling loss measurement must be the same as that during the sensitivity
measurement.

Because of these various problems in the measurement of hydrophone voltage
coupling loss and the advent of modern stable transistorized preamplifiers, the
trend has been toward end-of-cable calibrations and elimination of the coupling
loss measurement. Where the circuitry is still available, a coupling loss measure-
ment can be used as a stability check on the circuit, but it is not otherwise used
in a calibration measurement.

3.7 Automatic Systems

Underwater electroacoustic calibration, test, and evaluation measurements on
one transducer usually are made at many frequencies or over wide frequency
ranges. At some activities, measurements are made on large numbers of trans-
ducers. Consequently. various degrees and types of automation are used to
reduce the time and tedium of many point-by-point frequency measurements.
Automnatic systems, however complicated they may be, still are only elabora-
tions of the basic instrumentat ion shown in Figs. 3.23 and 3.24.

Many of the details of an automatic system are matters of individual prefer-
ence, custom, economy, and easy availability of particular instruments or equip-
ments, However, lte general features of various systems are much the same, and
the system in Fig. 3.26 Illustrates these features. The components shown as
solid-line blocks constitute the basic system used for continuous-wave (c.w)
signals, The dashcd-line blocks are major options. Automation of the basic sys-
tent relates to three primary needs: (1) continuous frequency changes, (2) con-
tinuous recording of the hydrophotte output signal, mnd (3) filtering a signal witl%
a continually changing frequency,

Consider first lte systemo shown in solid lites i Fig. 3,26. The signal Is
* goeeated in a vatiable oscillator. Thle oscillator frequentcy range usually covers

several decades, and oftent a motor-drive arrangement autoniatically sweeps
* through lte entire frequency range. The frequency calibration of wide-range

oscillitors usually Is not precise. consequently, a frequency counter or other type
of ftcquency meter Is used to monitor and mecasure lihe output of lte oscillator.

The nete stage is a voltage amplifier to control lte sigital level of the oscillator
4 andI provide the sufficient andi proper voltage inltut level to succeeding stages,

Theo power amplifier provides the electrical. wnd tilsiniotely acousical, powr
needed to obtain a mteaurable signal level at the Ityitopliono.

Networks, often consisting of iultitap tafo mer, t used to match lte
output inipedance of lte powc amplifier to lte projector so obti inaxinum

-power transfer. Somietlifes, however, plu~gclor cutfoent or voltage control is
Mooe imporcst thoan inaxinmuns power. Then, delibertni shmn call be
used. Visc elit ris astttg systeat that fceds the projector, tor example, ct
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be made to function approximately as a low-impedance constant-voltage gener
tor, or as a iigh-impedance constant-current generator. Other types of network
are used to obtain, for example, currents or voltages that change with frequency
at some fixed rate.

Impedance matching or mismatching is used between all stages of the system
to obtain optimum performance. When two stages are not properly matched,
intermediate transformers or networks may be used to achieve or improve
matching. Attenuators are used to minimize impedance variations as well as to
attenuate signal levels. Impedance conditions are especially important at the
input and output of an amplifier, if the amplifier gain calibration is to be used.

The projector input current or voltage must be measured for some types of
calibrations, and should, in any case, be monitored to insure stability of the
measurement conditions. Both the voltage e and current i measurement circuits
are designed to have negligible effect on the amplifier-to.projector circuit. The e
-measurement circuit is, typically, a high-impedance circuit connected in parallel
with the projector; the i measurement circuit is, typically, a low-impedance cir-
cuit in series with the projector. In either case, the e or i measure signal is fed to
the same receiving arin recording system as the hydrophone output voltage, where
it is subject to the sa=e mix.ng, filtering, and recording. The calibration formulas
in Section 3.15 all show tLat it is the ratio (or difference in decibels) of, for
example, the hydrophone voltage measure to the projector current measure that
is needed. Consequerntly, if both the e or i measure signal and the hydrophone
signal are amplified, attenuated, mixed, filtered, recorded, and so forth, in the
same way, the ratio is unaffected. The e or i measure circuit itself must be cali-
brated, but the over-all system needs no calibration. It must, of course, be linear
and stable, and for these reasons, electrical calibration-type measurements are
used to test the system. But these are really monitor measurements rather than
calibration measurements.

The e measure is straightforward; a typical circuit is shown in Fig. 3.27a. The
i measure is more difficult. Being in series with the projector, It must carry the
same current, which in some cases may be quite high. Electrical grounding
conditions become complicated if the projector is electrically unbalanced,
Figure 3.27b shows an old but typical arrangement using a small series resistor,

Figure 3.27c shows a better circuit wherein one conductor of the projector
cable is used as a single-turn primary winding of a transfornr. The setundary
winding is a toroid coil that surrounds the conductor. This circuit is simil.tr to
commercial "clamp-on" ammeters,

The e and i measure circuit calibration is essentially a determination of e/e
and e/i in Fig. 3.27. If a standard resistance R is substituted for the projector,
the quantity elli becomes eiR/e, and the current calibration becomes a measure-
ment of two voltages by the same voltage-measuring systen.

.. In hydrophone calibration measurements, the hydrophone output voltage must
be measured across an effectively open circuit. Consequently, the first stage in the
receiving system is a high-input-impedance amplifier such as a cathode-follower.

,a
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r -1, 3,27. Typic;al circuits for nimuzini (s) the piojector voltag and, (b) and (c).
.%- ~Curzrent,.

I The function of this first aoplifler is really impedance matching rather
thn amplification; cons.qatently, it is followed by a calibrated voltage amplifier.

The next two stages are a heterodyne n-ixer and a band-pass filter that together
constitute a track(ng filter. 1Te heterodyne mixer changes the variable frequency to
a fixed frequency fo. The pass band of the filter then Is fixed and centered onf .

The hetermlyne principle consists essentially of mixing two frequencies so
that. sum and difference frequencies-axe produce, fiiterin out either the siwn or
diffterece frequency, and using the other. Tho combination of the variable
owlator in the transnittg system and heterodyne mixer in tim receiving sys-
ten actually is a combiiatlon of two oscillaton and two mdxers in either of two
arrangeonmots shown t Fig. 3.28. The beat-frequency oscillator in Fig. 3.28a
has the advantage of a wider frequency range, but is mor* expensive and less

eadhly available than the simple oscillator in Fib, 3.28b.

..
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Fig. 3.28, Two variations of the hatoxodyning principle to chapo a variable sinal frequency
(0 to fmax) to a fixed frequency (fo).

The bandpass filter rejects extraneous signal frequencies and improves the
signal-to-noise ratio. It may be adjustable, having, for example, bandwidths of

20, 200, and 2000 Hz.
The recorders are logarithmic so that the signal amplitude is recorded in

decibels. The data for frequency sensitivity or response is recorded on an x-y,
strip, or linear recorder. Direoctivity pattern data are recorded in polar or linear
form. The polar recorder turntable is connected to and synchronized with the
mechanical rotator that rotates the transducer by a servo system,

It Is convenient in many measurements to have the projector input current or
voltage constant to an extent unattainable by passive impedance.matching tech-
niques. In such cases, normalizing circuits are used as shown by the dashed-line
box In Fig. 3.26. This is a circuit that feed, back a correction signal to one of the
amplifier stages.

4 •Many automatic systems operate with pulsed signals rather than the
continuous-wave signals. The technique ic discussed In detail in Section 3,8.
The pulsing equipment consists of the three components shown in the dathed,
line boxes in Fig. 3,26. The pulse generator feeds the pulses to both the transmit
and receive gate circuits. The gate circuits essentially open and close the path or
gate throWh which tie oscillator slgnals must pass. The pldse generator also
provides a means for delaying the sipal fed to lte receive gate to compensate for
the time it takes a pulse to travel the water path at its relatively slow speed. Tie

4 M EN...
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delay adjustment also permits passage or gating of selected portions of a pulse
passing through the receive system. When not being used, the pulsing compo-
nents of the system are bypassed.

The calibration data from a system as shown in Fig. 3.26 consists of two to
four lines on a strip chart. Each line represents some voltage or current as a func-
tion of frequency. In addition to the measured data, constants or such quasi-
constants as the reciprocity parameter, standard hydrophone calibration, test

fdistance correction, and so forth must be added to obtain a hydrophone sensi-
tivity or projector response (see Section 3.15). The data reduction may in fact
be more time-consuming than the measurements. Various techniques have been
used to expedite data reduction. If the projector current or voltage can be kept
constant, the current or voltage can be treated as a constant instead of a measure-

7t ment variable. Constants can be added to or subtracted from the signal voltages
automatically by inserting special circuits into the receiving system. Curve-
following techniques or voltage addition or difference circuits can be used to
simplify the data reduction. When only one projector and one hydrophone are
involved in a measurement, a completely automatic system is possible-one that
produces calibration data instantaneously or in real time. All the necessary volt-
ages and currents can be measuzed sequentially at a signal frequency and the
data reduced quickly by digital computer techniques. This process is repeated at
each frequency. Because of the high speed of digital computers, the frequency
sweep rate need not be slower than for other methods. When a third transducer
is necessary, real time computation is not very feasible because two or more
acoustic signals are present and will interfere with each other. Also, the concept
of direct substitution in comparison calibrations must be compromised. How.

£ ever, very rapid data reduction can be obtained by storing calibration data, aot
on a strip chari, but in the memory of a digital computer. This can provide a
complete calibration in a few minutes. Such a quasi-real-time system is under
development at the Underwater Sound Reference Division of the Naval Reseaztih
Laboratory at this writing.

One obstacle to complete automation of calibration systems has ,en tlw fahc
- that acoustic or electrical interference often is present and that the sysimn, th

transducers, or the medium are not stable. Variations or anomalies c.i be
recognized in the data in a strip chart, and corrected, This Is nov true. wion the
data are stored in a computer memory. Consequently, errors due to lnrerfe ,"un

,,* or instability must either be eliminated or be identified thro* sonm supple.
mentary procedure such as redundancy of calibrations

3.8 Pulsed Sound

-' Pulsed sound is a common technique II used since World War i for eiintinaling
the effects of Interference rgInaing from boundaries, standing waves, andl 0iC.
tricil crosstalk. The projector is driven with a pule or short burst of an otherwise
_ontinuous and single-frequency signal. The length of elh pulse then is ooly i
i-mall number of cycl-%. The hydrophoano and recoiving system are controlled so
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that an acoustic signal will be sensed and measured only during the short period
of time when the direct projector-to-hydrophone signal pulse impinges on the
hydrophone. Pulses arriving prior to this time (like ciosstalk or purely electro-
magnetic signals) and pulses arriving after this time (like reflections from
boundaries) are rejected by the receiving system. This process is called "gating."

Imagine, for example, the arrangement in Fig. 3.29. If the hydrophone out-
put were connected to an oscilloscope, one would see the signal-versus-time
picture shown in Fig. 3.30. The sharp clear pulses, with rectangular envelope,
shown in Fig. 3.30 seldom are obtained in practice. The pulse shape usually is
distorted by the filter characteristics of the electronic equipment and the trans-
ducers, and by the nonspecular reflection characteristics of the various reflecting
boundaries.

.. , . ROSTL

R04dECTOR . HYDqOPI4ONE

01BRIS

Fi . 3,.29, Typical owasuiernent artpngemon! whee ctroettnanuptie ,mos.
.lk W vara acoaaic tekwt ca tedae wit the dlct ti4 .



FUNDAMENTALS OF FREE-FIELD MEASUREMENT PRACTICE 145

TIME-

CROSSTALK
" , ,SURFrACE DOTTOM DESRIS,

DIRECT RMFECTIONS

Fig. 3.30. Oscillogram showing sequence of pulses at hydrophone position in Fig. 3.29.

The pulse length or duration must be long enough for a steady-state condition
to be reached. That is, it takes a finite period of time for the pulse to reach its
steady-state amplitude or the amplitude with which the system would oscillate if
it were driven continuously. A typical pulse is shown in Fig. 3.31. The practical
criterion for this transient period is that it consist of Q cycles, where Q has the
usual meaning of the ratio of the reactive to the resistive impedance in the whole
system being pulsed. Any oscillating electromechanical system has a certain
amount of energy stored in it in the form of electrical charge, magnetic fields,
mechanical inertia, and elastic deformation; the reactive impedance is a measure
of this stored energy. Starting from rest, it takes approximately Q cycles for the
generator to feed the reactive or stored energy into the system, so that thereafter
all the input energy flows through or is dissipated within the system. Theo-
retically, the signal rise is exponential and a system only approaches absolute
steady-state asymptotically; however, it is within 95.5% of steady-state amplitude
after Q cycles and within 99% after 1,SQ cycles, (See Fig, 3.57.) The former is
taken as a convenient and sufficiently accurate criterion f equivalent steady
state.

A further requirement of the pulse length is that all parts of a large hydro.
phone reach steady state before the pulse terminates. Or, for the case of a large
projector, the signal at the hydrophone position from all parts of the projector
must reach steady state, In a typical case of a piston projector, a point hydro-
phone, and a response measurement, this requirement does not add to the pulse

,, length, if the separation distance meets the proximity criterion of Eq. (3.12). For
a diectivity pattern measurement or a response measurement at 900 or 2700,
however, the diameter of the piston must be added to the physical length CoPr
responding to Q cycles (see FIg. 3359).

After a pulse signal is shut off, te system will continue to oscillate or ring at
its natural or resonance frequency. This ringing will decay exponentially at the
same rate as the Initial signal Increased. The duration of the initial transient will
be the same as that of the decay transient, if steady state Is reached between
transients, and if the Q of the system is not changed by the gating process.,

The pulses are repeated at regular intervals. Ilie Ilse repetition rate must be
* low enough so that all reflections or reverberation dissipate between pulses. On

the other hand, tMe pulse repetition rate nust be high enough so dtat the meter
or recorder operates without jitter. lie tie constant of the vecmding systom
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Fig. 3.31. Puls in a systm with Q a 4.

usually is small enough to hold steady at pulse repetition rates higher than 10 pps.
These conflicting requirements on the pulse repetition rate give rise to the
combination of pulsed sound and anechoic tank linings. Without some kind of
acoustic absorber at the boundaries to accelerate the dissipation of acoustic
energy, very low pulse repetition rates would have to be used in small tanks.

Pulses are formed by inserting a modulator or transmit gate circuit into the
. transmitting system as shown in Fig. 3.26. Similarly, the pulse receiver gate cir.

cuit is inserted Into the receiving system as shown in the same figure. Tite
receive gate Is narrower, or of shorter time duration than the transmit gate, so
that only the steady.state part of the receive pulse Is detected and measured.

The pulsing technique has no high.frequency limit. Generally, tile higher the
frequency, the easier the technique becomes. At low frequencies, however, there
is a definite Ifint. The minitium number of cycles in one pulse depends on the
sophistication of the equipment and technique used. For purposes of illustra.
tion, however, suppose that one cycle Is a typical minimum. Tie pulse length at
I klHz would be I misc or 1.5 to long In water. Then, if the difference between
the direct projector.to.hydrophono path and a boundary.reflection path were
less thtan 1.5 hi, the two pulses would overlap wud Interfere with each other at
the hydrophone position. It is evident that for a given minitnunt pulse length

N. and a given geometry of trainsucr separation and boundary distances, there is a
low.frequency limit to the pulsing technique. In typical situatiors, this Umit
varis f(lon 500 to 5000 Ilz.

ai~
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Almost all of the problems with a pulsing technique arise from the fact that,
v'hcn examined in the frequency domain, pulsed signals contain a spectrum of
frequencies rather than the single fundamental or carrier frequency, and that the
transducers and some electronic components of the measuring system do not have
uniform frequency characteristics or high fidelity. The spectral content of
pulses is covered in detail in other references12 14 and only the fundamentals of
the spectrum analysis will be discussed here. The pulse spectrum depends on

3 (1) the fundamental carrier, or test frequency, (2) the pulse shape, (3) the pulse
length, (4) the pulse repetition rate, and (5) the initial and final phase of the pulse.

The pulse transmit gate circuit shown in Fig. 3.26 modulates the amplitude of
the fundamental frequency with some kind of modulation signal. When the
modulation signal is a rectangular wave, the process results in a pulsed signal that
appears graphically as in Fig. 3.32. Mathematically, the modulation results in
three separate signal frequencies, if the modulation signal is a sinusoid. If f0 is
the fundamental frequency and f, is the modulation frequency, the modulated
signal consists of (1) the fundamental Jo, (2) an upper sideband fo + fl, and (3) a
lower sideband fo - f,. If the modulation signal itself consists of a spectrum
/1 + f2 + f 3 + . then the modulated signal will consist of a whole spectrum of

. Wupper sidebands fo + fl, fo + f2, fo + f3, etc., and a whole spectrum of lower
sidebandsfo -fl, fo -f2, fo - 3 , etc.

S ~~~~CONY WUOS WAVE~vN \A /J

WOU&J4.AYN WAVE

Il

MlOO4JAYrEO WA VE. ....

WLr==1W
(b)

Fj. 3,32, Rectanglar putwo obtinedby ampUltude nodulting a continuous
w*v Citli a ecdlansuht w;w. U the ICI 40th f dutrala ad " is the
Pule lepotitIun Pe*od.
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Pulses having sawtooth, triangular, round, cosine-squared, and other shapes
sometimes are used in various applications. In ordinary underwater electro-
acoustic measurements, a modulation signal consisting of periodic square or
rectangular waves as shown in Fig. 3.32b is used. Fourier's Theorem says that
any periodic function is equivalent to the sum of simple harmonic functions
whose frequencies are integral multiples of the repetition rate of the given func-
tion. That is, if T is the period of the function and t is time,

..At) Ao  A1 cos wt + A2 cos 2wt + A3 cos 3wt +

B1 sin wt + B2 sin 2t + B 3 sin 3wt + ... (3.22)

where w = 2ff/T and the A,, and B,, are constants including, in many cases, zero.
• "Physically, this means that a rectangular wave has a speetium of harmonically

related sinusoidal waves. This spectrum constitutes the sideband frequencies in a
rectangular pulse signal.

The modulated signal shown in Fig. 3.32c is typical of the electrical signj at
the output of the transmit gate circuit of Fig. 3.26 before it is distorted by the
Q or narrow-bandwidth characteristics of the transducer. The spectrum of such a
signal will be that in Fig. 3.33. The envelope of amplitude of the spectral lines is
set by the pulse length r (in addition to the pulse shape). A long pulse or large r
results in a narrow spectrum centered on fe, An infinite r would be equivalent
to continuous waves, and, In the limit, the envelope curve would collapse to a
single line at f0 . Similarly, the condition r = T would be a continuous wave be.
cause all the sideband spectral lines would fall at the zero-crossing points or all
the A,, and B, in Eq. (3.22) except A 1 and B, would be zero; only fo would
remain, Short pulses or small r result in a spreading out of the spectrum. Low
repetition rates or large values of T produce many closely spaced spectral lines.
The spectrum between fo - I /r and fo + lIt is called the essential bandwidth
(EIW), A rectangular pulse passed through a bandpass filter will be distorted to
only a small extent, If the filter bandwidth is 2/r. Pulse lengths of 0.1, 1, and 10

*.. msec result in EOBW's of 20,000, 2000, and 200 Hz, respectively. Narrowband
4 filters and 1hort pulse lengths clearly are incompatible.

The spectrum shown In Fig. 3.33 is symmetrical about the carrier frequency
fO, This is only an approxhiatlon. The low-sideband part of the spectrum ex-
tends beyond zero frequency. That is fo - 4 eventually becomes a negative
number as n and f, become large. One can visualize the negative frequency part
ofthe spectrum as being folded back on to and added to the positive frequencies,
thereby causing asynunetry. This asymmetry is accentuated when tie pulse con.
tahis aln integral number of cycles. l'llei, it" the pulse starts and ends at instantan-
cous zero, the amplitudes of the low.sideband frequencies are higher than the
atmplitudes of the corresponding high-sideband frequencies. If die puls starts

4 and ends at an instant wwcous peak value, tie reverse is true.

N*O
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Fig. 3.33. Spectrum of a pulsed signal. The carrier frequency is fe. The
modulation envelope or pulse shape is rectangub. The pulse length is
7 seconds. The pulse repetition period is T, or pulse repetition rate is lIT
pulses per second.

Pulses are coheent if they all begin at the same phase angle-all at a time of
instantaneous zero and increasing voltage amplitude, for example. Such pulses

Wprovide minimum trouble with transient signals and maximum stability of the
signal phase. It is possible to use only a fraction of a cycle per pulse with pulses
that are coherent and that begin at zero-crossing points.

Electroacoustic transducers and acoustic materials as absorbers often are
resonant, and almost always have characteristics that are a function of frequency.
Consequently, when they are part of an electroacoustic system they will affect
the spectrum of a pulsed signal, At a transducer resonance, the Q of the trans-
ducer will introduce transients of the type shown in Fig. 3.31. At off-resonance
frequencies, other effects distort the pulse spectrum and shape. For example,

4 the transmitting current response of a projector below the projector resonance
frequency Is Increasing at the rate 6 dB per octave or more (see Fig. 5.2). This
slope will distort the pulse, That is, the acoustic pressure pulse out of the pro-3jector will differ from the current pulse into the projector as shown in Fig. 3.34.
The amplitude of hlgh-sideband frequencies will be increased- and the amplitude
ofthe low sideband frequencies will be decreased. Most important, the frequency

* ,of maximum amplitude will be shifted upward. Since most systems measure the
,. pulse peak, the measurement will be in error. The peak amplitude of the pulse

will be a measure of the transmitting current response at the upper sideband fro.
quency with tie maximum amplitude rather titan at the fundamental frequency.

A si ilar type of error is present when the Insertion loss or echo reducton of
some acoustic materlns is neasured neer a resonance frequency, Figure 3.352
shows a reflection coefficient characteristic of a resonant anechoic coating. The
characteristic It iinilar to that of a notch filter, Tie reflected pulse Is distorted
as shown in Fig. 135b. Again the peak reflected signal Is a neasure of Wa side.band rattler than the fundamental frequency characteristics.

U
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Errors caused by the spectrum peak frequency being shifted away from the
fundamental can be minimized by using very narrow receive pulse gates and
centering the receive gate in the middle or steady-state part of the transmitted
pulse as shown in the two pulses at the input and output of the receive gate ii
Fig. 3.36. The sum of the sideband frequencies constitutes a signal that include
the transient part of the pulse-that is, the part at the beginning and end where
the pulse is forming or decaying. Figure 3.37 shows how the sum of the steady-
state or fundamental frequency f o and the sideband frequencies results in
periodic pulses. Gating in on the middle of a pulse thus discriminates against
sideband frequencies and will correct a peak-frequency shift.

Typical pulses at 5 points in the measuring system are shown in Fig. 3.36.
It would seem from Figs. 3.33 and 3.37 that errors due to thi high amplitudes

of sideband frequencies could be eliminited by filtering. That is, after inter-

fering pulses have been rejected by the receive gate, the pulse could be passed
through a filter centered on fo and with a bandwith narrow enough to reject or
at least attenuate the sideband frequancies. Theoretically, from Fig. 3-37,
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£ AMPIFIER RECOROR

* -T IWIJWYI -'W-
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GATE DATE
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Fig. 3.37. Illustration of how a steady-state or continuous-wave signal (a)
of frequency fo adds to a signal (b) constituting the sum of ail the sideband
frequencies to form (c), a pulse train (a) + (b) = (c).

(c) - (b) = (a), or one could convert from pulsed sound back to a c-w signalP
Unforturately, this is only theory. Narrow bandpass filters have high Q's and
otherwise act the same as highly resonant transducers. Some types of filters
indeed are resonant transducers. When the Q is large, the transient period illus-
trated in Fig. 3.31 is much longer than elher r or T. In such cases, the fdter will
not pass a steady-state signal at the frequency fo and of the same amplitude as in
the input pulse. Figure 3.38 illustrates what happens in the filter. The signal
amplitude rises to only a small fraction of steady state during a the r and then
the pulse cuts off. The amplitude slowly decays. After T seconds, the second
pulse Increases the amplitude, but again only by a small amount before the pulse
again cuts off, The amplitude again decays at a slightly faster rate than after the
first pulse, This process is repeated until the signal Increase during r equals the
signal decay during T - v. A quasisteady.state condition s reached where the

amplitude is only a small fraction of the true steady state.
The ratio r/T expre d as a percentage is called the duty cycle, and Is a

measure of the percentage of time that the transducer Is vibrating, When tras
ducerts ae driven ait high power lewis, the duty cycle becomes Important because
the power limitations of a tranfsducr are W-t by tie average power over a period
of tlme brge In comparison with a puLt length. For exmaplto, a trausducer that is
limited to I kW with a c.w signal my, unless otherwise l iited. ttansit ait a

MIOkW pWu lovel with a 10% duty cycle.

3.9 igh Sips! Metvzes
Some projeclots are ised ogulatrly at s g al levels beyond their llieat tange.

This Iewlta hi diltortled output waves that contain harmnicOti ficquence s and aid
-* mhanutaically deowibad in Eq. (3122). 1w hatuouic distortion is accepted at

- - .
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0.070-QUASI -STEADY -STATE

0

G..0=5

TIME IN 1160 SEC, INT94VALS (14.7 MS10

o_ Fig. 3.38. Amiplitude buildup of teputitive puls to a quasi-steady-stat. JP a Giz'oult of LQ
343. Pub* duralon r = muc. Pulse repetition ptio T - 1/60 sec.

being secondairy in iMpOttancO to high signal output. Such transducers must be
evaluated at the particular signal jevels that will be used in practice. Linearity of
the transducer is assumed In conventlonp! and standard definitions of response,5 sensitivity. impedanuco, and so forth. For mteasurenments beyond the linear tange,
those conventional terms are not strictly corret, although they ate used. If they
are used. they should always be qualified by specifyinS the voltage or current
level at which tile Inneusurenint Is made. 1114 measuccownt will pertain only to
the fundamental frequency, but saoe nmsuce of the wave disrtion or har-
ratwiic content should be seified aSu.

111gb-level conltuoul-wavt signaws Canl be attenuated, tile Itarmlonic fic
quencies coan be fiited out, and thareaftef the SWW iasCan be t~eaured Witt,

* various convetilonal "Wetos aid lnstrunleuts. oWever, highJpoWdr noliear
trimtduccis almost always ov pulsed at a low duty cycle. As explained Ill
Sect .3S, puhiug aSd narow WWIdpa= rlltering ace hick'npitibt Ofe then
has tilt problem of nt~ulgthe Alitude "r distorted wave orros wdihout
bandpma Witers. Futther, when e.t uedw at or impt power is desittd, the

* ph3W. Witto between the 4111at mod voltate i 0flawostnntal frequellcy must
be anhrcd. F~or impcdaitee or power .esrtntAll of the usual rneasuring
devicvs such at bridgos. Owws meters, vectot locus Wnictors 0 oe . etr
Ziangle meters. gind -to futlt, suffer frini A dofilaewiy in oat or 1110to of tIN (W.

* t~~owing cia rsisepwnad ipc~abffity, firequency range, imptdance
range, hattlumc tejuction, and abiy to aixrtet under pulsed cosiditous.

Sbo
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One technique that has been used successfully is illustrated by the simplified
diagram in Fig. 3.39.15 The transducer voltage or current pulse is sampled by a
step-down current transformer consisting of a toroid coil surrounding a single
conductor. Simultaneously, the signal in a continuous-wave reference circuit is
sampled. The two signals are added and displayed on a cathode-ray oscilloscope.
The reference signal contains only the fundamental freqvency. The amplitude
and phase of the reference signal is adjusted until a null condition in the steady-
state part of the pulse is observed on the oscilloscope. As shown in Fig. 3.37
the sideband frequencies add up to zero, or are effectively absent in the steady-
state part of the pulse. Then the reference signal is equal in amplitude and
opposite in phase to the fundamental frequency component of the transducer
signal pulse. The null condition as it would be observed on the oscilloscope is
illustrated in Fig. 3.40. There will be a signal residue in the null because of the har-
monic distortion frequencies in the signal. If the harmonic distortion is small, the
residue is small and does not introduce measurpble error in the nulling technique. If
the residue is large, a low-pass filter is used to attenuate the harmonic frequencies.

LARGE RESISTANCE

PULSE POWER TRANSDUCER;IOSCILLAO GATE AMPLIFIER

ADDIT"ONO REFERENCE DorSIGINAL

AMPLIFIER REEECCIUT

AND PHASE REERNC CRCI

SHIFTER (W

Fig. 3.39. Nulling circuit for measurement of voltage, current, and phase= when a
•transducer 13 driven with hi~h-powet pulsed sound.

ADDITION OF REFIERENCEl AND)

RIEFERENCE SIGNAL TRANSDUCER SIGNALS

Fig. 3,40. Typical CRO display when the pulse and reofernco ignals have been balaned
to a null.

I.
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The three transformers should be identical to minimniz2 errors. In practice,
the current and reference signal transformers can be one and the same.

The reference circuit is a low-signal continuous-wave circuit. The reference
voltage and curent are redily obtained by conventional calibration methods.
Phase difference between the reference current and voltage is controlled and
measured by the phase shifter.

3.10 Interference Identification

Signal interference is of four general types. First, there is acoustical and elec-
trical noise from nearby equipment, traffic, weather conditions, and so forth.
Such interference is readily recognizable by is irregular nature.

Second, there is interference from other regular signal sources such as the
60-Hz power hne frequency and its harmonics. Local radio stations may inter-
fere if one is working in the 500 to 1500 kHz frequency range. Different acous-
tical experiments in the same or nearby bodies of water may interfere with each
other. Such interference is identified by the purity and perhaps stability -f the
interfering signal frequency.

Third, there is interference from reflections, crosstalk, and standing waves,
which collectively will be referred to as wave interference. The reflection and
standing.wave interference is similar to such optical phenomena as diffraction,
interference fringes, and the Lloyd's mirror effect. Crosstalk is an electrical or
electromagnetic signal that unintentionally is traitsmitted directly from the
transmitting equipment to the receiving equipment, bypassing the acoustic path.
A wave interference signal travels a path different from that of the direct signal
being measured, and for this and other reasons will differ in amplitude and phase,
but it always has the same frequency as the direct signal. Thu interference is
identified by a regular periodic amplitude change as a function of frequency, as
illustrated in Fig. 3.41. The frequency interval fJ'can be used to provide a clue
as to the type and source of wave interference.

If two waves from the same source travel paths that differ by the distance
Ax, their phase difforence at the end of the paths will be kAx or 2fAx/e, whore
k, f. and c have the usual definitions of wave number. frequency, and speed, If
Av is some number of whole wavelengths, the waves interfere constructively or
add. If Ax is some odd number of half.wavelengths, the waves will Interfere
destructively or subtract. As the frequency and wavelength changes, the waves
alternately add and subtract, resulting in the oscillating amplitude in Fig. 3.41.
The frequency interval At cotresponds to a change of 2n radians in 2ffAx/e, or

; 2vrtifbix
- , - - " 2 , ( 3 , 2 3 )

or

(3.24)

.ynig
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_ A A

P__

4'% L

Fig. 3.41. Measured hydrophone output voltage versus frequency, illustrating a typical
oscillating interference pattern resulting from a surface reflection. Solid line is measued
sum of direct and reflected signals. D3&hed line is computed direct signal.

After 6x is found from the measurement of Af and Eq. (3.24), it can be related
to various ineabu~oment dimensions like the depth and transd~cr separation. Tlte
source of the interference is identified thereby, and steps can be taken to
eliminate it. With crosstalk, the nonacoustic Interference path Is essentially zero
and Ax is merely the projetor-to-hydrophone distance d. With standing waves
between the projt-ctor and hydrophone, 4x =2d. For boundafy reflection Inter-
ference. Ax depends on the geometry of the bondary and transducer arange._
ment. For a surface reflection as shown in Fig. 3.421

Ax - (h2 + (UdPj1 d. (3.25)

Theo curves lin Fig. 3.43 are plots of Bq. (3.25), of x = d, and of x 02d: they are
useful graphical aids for Identifying Ow tre common types of wave Interference.

If the ordinate scale in Fig. 3.41"wore linear ruther than logarillunic or tn
decibels, the oscillating amplitude pattettn would bo approximately sinusoidVIL,
The direct signal then Is tht, avetago of tht mtaximuui n minimum amplitudes.
Vic dasl+-cd line lin Fig' 3.41 thon is'found by taing the arithmetic dvorage. Tito
technique and graphical alds.and charts for doing: this ate given In Section 6.3.2
and Figs, 6.3. 6.4, and 6_5, wle inferomce whtiques wr doscribed fosr
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SURFACE

0N

d -

"- PRO.JECTOR HYDROPRONE

Fig. 3.42. Diagram for calculating path difterence &x for the case of a surface
reflection.

The interference in Fig. 3.41 is seen to decrease with frequency. This is
typical of surface reflections where the transducers become more directional as
the frequency increases. Standing waves between two plane transducers require
that the transducers be large enough in wavelengths to be good reflectors, and
that they be aligned with their diaphragms parallel within a dimensional error
small in comparison with a wavelength. Consequently, standing waves occur
usually only at intermediate frequencies in the high audio and low ultrasonic
frequency range, A crosstalk signal generally is independent of the acoustic
signal amplitude; therefore, if crosstalk is present, it will be more evident
when the acoustic sigtJ is low. For example, if a resonant transducer Is
Soeng measured, crosstalk may be evident above and below resonance but
not at resonance when ihe acoustic signal is high and the ratio of cross,

, talk amplitude to aioustic amplitude is low. These characteristics of in-
terference aid In making educated guesses as to what kind of hiterference is
present.

In shallow lakes where both the surface and bottom (re reflecting boundaries,
interference becornes particularly troublesmne and usially Is the Urmiting factor
in setting the useful low4reruency limit of *e facility. Figure 3.44 illustrates
the kind of data obtained. The Interfering signal is acut~aly the sum of mamy
.multiple reflections between the surfage and bottom, 3 There is still a dimrn-
ble Af frequency interval, but it is a large fraction of the frequency. in

Fig, 3,44, Af is 200 1b. The amplitude LT the interference Is not a smooth
sinusoid but a srquettee of sawtooth and aharply peaked waveforms. Obvi.
ouly; it Is difficult to apply the to'inique of Itg. 63 to awrtain the direct
sigal in ig. 3.44.

.-

II ,, .
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Fil. 3.43. Intfcience identifiation chart. Crostalk: At= c/d Is the frequency
interval lin Hz, c h the speed of sound in water (1.5 x 103 cmisNc), and d is the
sopmation of the Itatuducers In cm. StandinS wams: 4' cj2d. Surface ze1Ic-
fions Af c/1 2(k2 + Y.42)1 -d) and k Is thedepth in cm

The fourth type of interference is unique to underwater acoustIcs-resontant
gas bubbles. Gas bubbles as used lteine wits not only a spherical bubble drifting
freely In the water or cligig to a surface, but also tiny artounts of gas trapped
in holes, crevices, slots, screw heads, and so fot Ili- A bubble drivent at its reso-
nmnce ftcequency oscillates vigorously, teradiating sound and having a mecasurable

4 effect over an area sue 20,000 times as large as tie bubble cross secioi. 16 The
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Fig. 3.44. Measured hydrophone output voltage where projector and
hydrophone both arc at a depth midway between the water-air surface
and bubble-covered bottom. The transduce are separated by a dis-
tance equal to 1/8 of the water depth. The projector transmitting re-
sponse and hydrophone receiving sensitivity both are essentially constant

- with frequency.

resonance frequency of a spherical air bubble is proportional to the square root
of the absolute pressure and inversely proportional to the static radius.1 6 As a
convenient reference, a bubble near the surface, or at one atmosphere of pres-
sure, and one centimeter in diameter will resonate at 667 Hz.16 From this
reference, the resonance frequency of smaller bubbles at higher pressures can
be calculated using the proportions just stad. Bubbles usually are small in
comparison with a wavelength and therefore the shape is not critical. The reso
nance frequency of other shapes can be assumed to be approximately the same
as for a spherical bubble of the same volume.

Small gas bubbles can be quite tenacious and stable. Thus it becomes Impor-
tant to examine thoroughly and test an anomaly in recorded data as illustrated
in Fig. 3.45 to ascertain whethe'it it'a valid characteristic of the transducer or a

*4' 'perturbation due to a bubble in the medium. Since the resonance frequency of a
bubble depends on tie static pressure, a change in depth will shift the frequency.
Such a test might still be inconclusive, however, inasnuch as a transducer may
have bubbles on the inside-particularly in a fluid that acoustically couples
crystals to the water, A general understanding of how bubbles Interfere with
acoustic measurements is hellful.

Consider a bubble whose rudius is small in comparison with a wavelength of
sound In water, The bubble is in a sound field where the frcefeld sound pros.
ure Is p/. The acoustic Inledatce of kite bubble Itself consists of the compli.

tice C of tie enclosed gas and a resistmice R arising from losses that occut when

* . '
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<%%~kbbe affect

Fig. 3.45. Typicaleffect of a gas bubble in water near a hydrophone.

a gas is compressed and expanded. The mass of the moving gas is negligible. The
analog of the acoustic generator acting on this bubble is obtained by using
Thevenin's Theorem. The blocked (or open-circuit) pressure is obtained by letting
the bubble impedance become infinite and ascertaining the pressure acting on the
blocked bubble. If the bubble is small, this pressure is the free-field pressure.
Next, we turn the generator off and view the generator Impedance at the genera-
tor terminals. That is, we look at the generator from the load, or in acoustical
terms, we look into the medium from the bubble-and we see the radiation
impedance R + /wm. For a small spherical radiator, wm >> R. Thus, our
analog is as shown in Fig. 3.46. The velocity u is the velocity of the sphedcal
boundary, and the inward direction is positive. Figure 3.46 Is a conventional
series resonant circuit, For constant p, the relative amplitude and phase of u is
proportional to the bubble admittance shown n the circle diagram of Fig. 3.47,
Amume that a hydrophone and bubble are closely spaced so that the spacing
distance r << A. Also, assume that the hydrophone and bubble are side by side,
so that the free-field pressure acting on each is the same in both amplitude and
phase. This would be the condition of a bubble clinging to the periphery of a

t'. diaphragm. Then the total pressure pOf at the hydrophona position and every.
where near the bubble is the sum of pf and the pressure p. radiating from the
pulsating bubble, as depicted in Fig. 3.48. The bubble is acting like a small
spherical radiator and p, is given by the well-known equations such as
pr -wpU/e where U is the volume velocity. That is. the radiation load on the
bubble is a mass reactance and p, leads the outward velocity by 90". Since we
choe positive velocity as inward, p, will lead the negative velocity by 900, or
will lead the positive velocity by 270. Co ,sequently, a locus of p, relative to p,
Is obtained by rotating the circle in Fig. 3.47 through 270*, At the resonance
frequency, the velocity u depends on R, and tile ratio &IVP depends on tile Q of
the resonanl system and the distancer. Tle sum po = p +p, is then a shown

4

*
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. / in Fig. 3.49. Note from Fig. 3.49 that the resonance frequency is not the fre-
quency of maximum or minimum pressure, nor that at which PHf Pf.

M R

UU

Fig. 3.46. Analog circuit of a gas bubble in water driven by a free-
field pressure p; m is the radiation water mass load on the bubble, R

;Newis the resistance in the gas of the bubble and in the radiation Impe-
dance. C is the compliance of the gas in the bubble, u is the linear
velocity of the water-gas surface of the bubble with Inward directiontaken as positive.

1 +11

t 'to LONANC I

F"S 3,47. The admittance of a mau m, rsAwauo 9, and ompauut C InI~ l*t l
4..'
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Pt HYDROPHONE

. . . ."' I SOURCE

BUBBLE~P

Fig. 3,48. Arrangement wherein the free-field pressure pf impinges on both a hydro-
phone and a gas bubble at distance r away. The sound pressure p, reradiated or
scattered from the bubble also impinges on the hydrophone.

Pt

" 44'dc4eaMq

.., f~~> ..-(tnlt
f. to tsiWW40)

Fig. 3,49. Phasor diapam showing j mH / +-P as a function of frequency for tie arrange-
!ment in Fig. 3.48.

It is evident from Fig. 3,49 that the ratio pillpf will vary with frequency as

Illustrated in Fig. 3.45. If r becomes large, the sitze of tile circle will diminish and
the phase of p, will be affected, Tile phase angle of p, is -kr radians. A larger
r will result in a larger negative angle or a Clockwise rotation of the p, phasors In
Fig. 3.49. The phase of p1 will be affected similarly if the bubble is behind the
hydrophone. If the bubble is In front of the hydrophone, tlhe p, phasors will ro.
tate in counterclockwise direction., The effects of the bubble psition on pit is
illustrated in Fig. 3.50, If the phase silft duo to bubble position is near ff12 a
mirror Image of Fig. 3.50 is obtained. Consequently, a wide variety of anomalous
conflgurations Is possible, but Fig. 3.S0 still is typWil of the most coinuton
bubble Interfeoence.

3.11 Intedertie Eimiation

lree are various re|ncdles fit ditferent kinds of Interference. TIe centedirs
ate not all campatible; thus, if mtoe thai o kind of lse fcetce s ,
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bubble in front of H

bubble near and alongside H

bubble behind or fr from H

U

r: , Fig. 3.50. Magnitude of the pressure at the hydrophone for various locations of
bubble.

compromises must be made, Not all interference problems have remedies. For
example, it is virtually impossible to make free-field far-field measurements in a
small tank at infrasonic frequencies because of the boundary conditions. Then,

__ an alternate calibration method like a coupler must be used.
Interference from noise and spurious signals is eliminated or minimized (see

Fig. 2.51) by the use of narrowband filters. This procedure is applicable only to
continuers-wave signals, of course.

Interference from reflections and crosstalk is best eliminated by using the
pulsing techniques described in Section 3.8.

Standing waves are eliminated by rotating one or both transducers a few
degrees, which eliminates the parallei-planes condition without measurably
affecting the sensitivity. Increasing the transducer separation will also reduce the
interference due to standing waves, but it may increase interference due to
reflections.

Bubbles are eliminated by thoroughly washing the transducers with a wetting
agent, tenperature.stabilization of transducers, proper design of transducers,
proper design of transducer hangers and other underwater rigging equipment,
control of marine life. and removal of gas.producing organic material on the
bottom of the body of water.

When pulsing techniques cannot be used to eltininat' reflection other steps

can be taken,. although they are, for the most part. only partiAl solutions. The
transducer separation distance should be kept to a minimum and the distance to
th boundary should he made a maximum so that the amplitude ratio of the
direct sinal to reflected sigoal is a maximum. Directional transducers should be

+* .- used if possible to discriminate against signal transmission along reflection paths.
Absorbers can be used at the reflecting boundaries. Baffles can be used to inter.

* copt reflections and deflect themn in harmless directions. The baffle technique,
however, is not as slimple and usoful as it nmigkit appear. Good rigid reflectors
would be very heavy and pondeous. Good pressue.oleac reflatos are not
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durable and are sensitive to static pressure. Furthermore, baffle edges scatter
and diffract the sound waves, providing secondary sources of interfelence.

The initiai positioning of the two transducers relative to a reflecting
boundary can be helpful. If one transducer is insensitive in one direction (to the
rear, for example), the transducer should be oriented so that the reflecting
boundary is in the insensitive direction. That is, the' main lobe of the transducer
should be pointed away from the boundry. However, the optimum arrangement
is not necessarily the same for a response measurements as for a directivity pat-
tern measurement in which the unknown transducer is rotated. This fact is illus.
trated in Fig. 3.51, where a directional projector is being evaluated with an omni-
directional standard hydrophone. The arrangement in Fig. 3.5 la is optimal for
response because the zero response at 1800 or to the rear of the projector
eliminates reflections from the boundary, whereas in Fig. 3.5 lb, both a direct
and a reflected signal impinge on the hydrophone. If the arrangement in 3.5 Ia
is used for a pattern measurement, we see from Figs. 3.51c and 3.51d that the
pattern level at zero degrees is unaffected by reflections, but at 1800 all the
signal consists of the reflection, and a false minor lobe will appear at 1800. If
the positions of the two transducers are reversed, the zero-degree measurement
in Fig. 3.51e is subject to interference, but the 180* measurement in Fig. 3.51f is
not. The optimal arrangement then reduces to a choice of the errors in (d) or in
(e). Note that the interfering reflected signal in the two cases is the same, but
the direct signal is zero in (d) and a maximum in (e). The interference then will
have a much larger effect in (d) than in (e), thereby making (e) the preferred
arrangement. To illustrate with an example, suppose the reflection path is 10
times as long as the direct path. Then the false minor lobe at 180' in (d) will be
20 dB down from the major lobe, or thi front-to-back ratio will be 20 dB instead
of infinite. In (e), the major lobe at zero degrees will be subject to an error of
20 log (I 1 0.1). or about +1 dB, which is a relatively small error. Since pattern
error's are meaningful only in terms of the level differences at various angles, even
this small error disappears In this example because whatever the error In (e). it
will be the same at all anglos and consequently the pattern configuration will be
unaffected.

Selective positioning is useful in discriminating against vertical boundary to.
flections, but is not very helpful In minimizing surface or bottom reflection Inter.
ference. Occasionally one can point a pattern null In the direction of a reflection
path as illustrated In Fig. 3,52. and thereby eliminate the interference. tltowmr,
since null angles hift with frequency, this tecuitque is limited to a 0Wleh fre-
qtiency or a narrow band of frequencies.

Insofar as a passive interference like reflection Is concerned, it makes no dir.
feence whether a transducer is transliitting or receiving. The reciprocity
principle applies to reflection& as well as to direct signals. If an active intorering
source Is present somewhere, however, the system no longer is paAv an

4 reciprocity does not hold, Suppose for example we have the situation shown In
Fig. 3.53 with one onidltectional translucer aul oiw narrowbeawn transdu W

.4T
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REFLECTING PROJECTOR HYDROPHONE
8cJUNDARY

(a) OPTIMAL

(b)

(C)

(14NFFt.SE LORE

OPTIMAL FOR

Fi#, 3,51. Optional arrangements for a direc~tional ptojecto, anW an omnidivec-tional hydiophona relative to a reflecting hoondary. (a) Is paclouad to (b) for
17 tw a (a) and (1) ate ptofmud ti (c) and (d) for patterns

BOUNDARY

V# 3.52. lhumnnation of rcfloxion Inter'
fouca by watang a pita tn n I~uW di.

that hasW ~eoWrsitiviluY 411 8W (it to ilt! fear. Then, if' the rear of' the direetimial
tcistwnr it ptilntd at tile io reee wtioee and tile directional transducer Is* ~~used as the hydrophime the intrfumvne will hawe no effect That i, ih. hydr,~

f4n ilt Ii MAlY 110 $Wild (filu the 1woje)tor. If th ieta 134111"u is04te~cbAnd tile 11a W-beaI) tranlU1Cer is Used aIS A 140O~Cct, the t01ldifecuon611 hydto.
144(ml will sUW 1w sound fitult both O1w projectur -muI dli hterfreowi uo.
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O"WOIRECTIONAL HYOROPHONE
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Fig. 3.53. Effect of reversing the direction of the signal trAnsmisson. The
intefe nce 4pal Is not sensed by the hydrophone in (a) but is sensod hi (b).

The direct signal as given by the dashed line in Fig. 3.41 is the average of the
maximum and minimum signals. A technique wherein the average signal over a
band of frequencies is measured, then, effectively wouii eliminate the effect of
rellections. Two such techniques are feasible. In one, a band of noise centered
on the frequency of interest is used; in the other, a warbled or frequency-
modulated signal is used. Neither technique is applied very often in under-
water electroacoustic measurements because the frequency resolution of
the sensitivity that is obtairted by this averaging procedure generally is
unacceptable.

A12 Tank Facilities .nd Sizes

Tank facilities for underwater electroacoustic measurements have the ad-
vantages of convenient location and .ontrollable environments. As used in this
Sectimi, the temi tank facility refers only to those tanks in which free-field
measurenm.ants can be made. Thereln lies the alin diadvantaiges of tank facilities.
poor free-field conditions. Unleau the tank Is unusually large like the TRANSDEC
Facility in F. 3.7, for example, the usethlness of a tank facility depetls on the
extent to which reflections or thw Interferwnce front leflctions can be eliminated.
When the retlection ate elinated or atteiuated by absorbers at the tank
boundai- es, the term anechoic, teamting ' "fce from echoes"," Is used. IlgtUe 3.54
is a picture of a typical indoor tank.

Most such f(ialitiet are open tainks that ae similar to, but soWaler tha,,
facilities of flaturil water sites. All exception is the gloed asachotl tank int
whi mtbc deepl oecan eavitonrnnt cmi be shitulated with high hydrostatic ptes.
sure and low tompelatuie. If ncesity, th salinity ciin be cxOtlled ilso, but
tis teldom it netwcoay for emotioass-lh liwssuleitlls. A c ti l
diagrm of such a tank is shown hi Fig, 3.5. Cloed hiipteossnuv tanks illto.
duce the additional colilicitions of (a) cuootollnig the potition and ofientation
of thde ltasducers fhom outside the tank through pressume elh, (b) 2etS petI
hut Until trAnsducer suize, id (c)a el tic~i y UW siz becau . hlio pressure and

bigeo size wre Rut ceintible.

4~

6 , , -' . . ' . -: , 2 2 - . . .
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-. ~Fig. 3.54. Indoos tank facilty of the Naval Rcsuch Labontowy In Washingon. DR. The
tank Is madc of cyptess %Wood i 30hftt In dlawwz ant 22 tot icep. with mo" of fto
dcpdi vassd into a hoia bacath the buildng

.........................

4efnw~ Ovikun lith NaWa Kctcuch tabo#.tw at Ottado vda. W
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Because most tanks are small, pulsed-sound techniques are used to eliminate
the interference that originates at tank wall boundaries. In addition, absorbers or
anechoic coatings also are used on the tank walls, bottom, and sometimes the
surface. Various types of rubIr materials have been used in open tanks. For
high-pressure tanks like that shvzn in Fig. 3.55, a cement and sawdust mixture
called Insulkrete has been used. 17 Wood by itself is a fair absorber and, since
cylindrical wooden tanks have other industrial uses, such tanks are economically
attractive. 18 Tanks of cmar, redwood, or cypress have been the most popular.

The major question in designing and using a tank facility is its frequency
range. The necessary tank size is roughly proportional to the wavelength of the
acoustic signal. Consequently, attention is focused on the large wavelength .f
the low-frequency limit. There is no simple answer to a question like "How large
must a tank be to be useable at I kHz?" The size depends on the pulse length
and repetition rate, and the projector-to-hydrophone distance. These values, in

. 'turn, depend on the kind of measurements to be made, the acceptable accuracy,
the transducer's size and Q, the frequency, the type of voltage sensing and
measuring system, and the echo reduction of the boundaries.

If pulsing is used, the tank shape is not important. It is the proximity of the
boundary that is nearest to the direct projector-to-hydroph-iie acoustic path
that is controlling.

To arrive at some general criteria for tank dimensions, a number of simpli-
fying but realistic assumptions can be made. The first of these, illustrated in
Fig. 3.56, is that the nearest reflecting boundary is either parallel to the direct
acoustic path (sidewall, bottom, or surface), or perpendicular to the direct path
(end walls).

The second assumption is that any absorption at the boundaries is primarily
for the rapid dissipation of the reverberation between pulses. Most anechoic
linings arm only partially effective, particularly at low frequencies. Single reflec-
tions are attenuated but not eliminated. The pulsing described in Section 3.8 is
based on the concept that the difference between the direct projector-to-
hydrophone path and the first reflection path is greater than a pulse length. That
is, the hydrophone must be receiving the steady-state part of the direct pulse
before the leading edge of the reflected pulse reaches the hydrophone. The
minimum path difference then is r seconds or cr meters, where c is the speed of
sound in meters per second. The minimum tank length L and minimum width
(or depth) W then can be computed from Fig. 3.56 as

SL = d + cr, '3.26)

W [(d + cr)-d 2  = (2d r + c2T2)i. (3.27)

These basic equations can be put in terms of transducer parameters by making
* further assumptions.

,
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i LIL
W

Fig. 3.56. Direct and reflected signal paths in test tank; d is the required measurement dis-
tance, r Is the pulse duration in seconds, c is the speed of sound, c7- is the minimum difference
between direct and reflected path lengths, L = d + cr is the length of the tank, and W
[(d + cr)2 - d 2 ] 1h is the width or depth of the tank.

It takes Q cycles for a pulse to reach effective steady state, where Q applies to
the whole transmitting system, not just to the projector. The minimum pulse
length is assumed to require Q cycles or QX meters for cases in which the trans-
ducer has a negligible diaphragm dimension in the direction of sound propaga-
tion. When this is not true, an additional pulse length is needed to cover the
entire transducer with the effective steady-state signal.

The pulse-length criterion of Q cycles bears directly on the question of ac-
ceptable measirement accuracy. Figure 3.57 shows the asymptotic approach to
steady state. Where n/Q = 1, the amplitude is still 0.4 dB or 4 % too low.
Better accuracy can be obtained with longer pulse lengths, but only at the ex.
pense of larger tank dimensions, as is evident from Eqs. (3.26) and (3.27).

The pulse-length criterion of only Q cycles also implies that the voltage-
S.. measuring system can operate with the sawtooth-shaped pulse shown in Fig.

3.57.
Another assumption is that one of the two transducers is small in comparison

with a wavelength-say one is a point hydrophone, The other transducer is
assumed to be large but with a maximum dimension of five wavelengths. Theo-
retical patterns of 5-wavelength transducers are shown in Fig. 3.58, The 10-dB-
down beam widths are less than 200 and as narrow as most transducer beam
widths get. Because of proximity criteria like Eq. (3.15), the linear dimensions
of a tank are approximately proportional to the square of the transducer
dimension, so it is well to set a reasonable limit, When measurements are to be
made on larger or very narrow-boam transducers, special criteria can be
developed.

* L
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Fig. 3.57. Sound pressure magnitude ftrm a resonant transducer driven by a
step-function electrical pulse. Curves computed from pn/po =1 - e-IrflQ where
po is the steady-state pressure (n - ,Pn is the pressure after n cycles, n is the
number of cycles, and Q is the Q of the transducer.
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Fig. 3.58. Theoretical directivity patterns for a piston five wavelengths in ditim-
eter and a line five wavelongths long.
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The last assumption is that the maximum distance d is set by the proximity
criterion in Eq. (3.18). Combining this equation with the maximum transducer
dimension D = 5 produces for the d in Fig. 3.56

d = 5D = 25X. (3.28)

The use of Eq. (3.18) also implies that the steady-state part of the longest
pulse must be D/2 meters or 2N wavelengths long. Figure 3.59 illustrates the
pulse-length requirement for the conditions assumed in Eq. (3.18) or for
measuring the pattern of a transducer in the 60* sector centered on the axis. For
this case of maximum pulse length and D = SX,

cr = Q, + 2%X = (Q + 2%)X. (3.29)

Then, combining Eqs. (3.28) and (3.29) with Eqs. (3.26) and (3.27) yields

L = (27.5 +Q)X, (3.30)

W = [50(Q + 2%) + (Q + 2 )2 %X. (3.31)

__________SOUND SIGNAL., DIRE CTION

600

'A SOUND PULSE

Fig. 3.59, illustration of how a transducer of~ dlimeter or width D) and oriented
at 300 off axis requires a pulse with a steady-state length of D/2.

*1l~lll)
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Equations (3.30) and (3.31) are plotted in Fig. 3.60 with wavelength con-
verted to frequency.

<"oG -

'4 - -

-. "

9 ..
,6 0 6

-. -

W\ 9

2 3 4 567 8910 20 30 4O0 0 W~

Fig. 3.60, Length (solid line) and width or depth (dashed fine) of a tank for mecas-
uring a pattern of a transducer with a maximum dimension of five wavelongths.

3.13 Acoustically Transparent Pressure Vessels

Closed tanks that are large enough for free-field measurements and also strong
enough to contain hydrostatic pressures of several thousand pounds per square
inch are very expensive. An alternative for some purposes Is provided by small
acoustically transparent pressure vessels. If an unknown transducer is placed in
such a vessel and then the entire vessel is immersed in a larger body of water,
conventional free-field measurements will be limited only by the dimensions of
the large body of water. The hydrostatic pressure and temperature are applied
only to the unknown; other transducers are outside the vessel as shown in

4 Fig. 3.61.
.4

.4,'
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PRESSURE 8 TEMPERATURE
l CONTROL

WATER SURFACE

.- STEEL COVER

NYOROP4ONE PROJECTOR
-GLASS FILAMENT

WITH RUB1ER
' ,' LINING

(ACOUSTICALLY
TRANSPARENT)

DRAIN HOLE

- Fig. 3.61. Arrangement for using acoustically transparent pressure vessel
to test and evaluate transducers.

U Glass-filament-wound vessels have been used with this techniuqe. 19,20 They
have a much shorter life in terms of pressure cycles than a comparable steel vessel
does, but the relatively low cost compensates for the short life.

The vessels are made by winding glass filament on a mandrel. The filament is
coated with a resin that provides the adhesive bond between filaments. A rubber
liner serves as a water barrier. The winding technique requires an opening on each
end. One opening is made large and used as an access port. The other is small
and used as a drain hole. Transducers inside the vessel usually are attached
rigidly to the stool cover if the vessel is small, and the transducer and vessel are
moved or rotated together.

Because the filament-resin material is heterogeneous and anisotropic, its
acoustical characteristics are not amnenable to theoretical analysis. All of the

* current ir 'rmation is empirical.
Glrss vessels are completely transparent only at low frequencies in the audio

range. The insertion loss of the vessel walls increases gradually with frequency until
. , it may be as much as 8 dB in the ultrasonic range. There may also be discernable

S"resonances of the whole water-filled vessel at an audio frequency. Where the walls
have significant insertion loss, they will also reflect sound. Internal reflections will
occur in the vessel, and pulsing techniques are needed to eliminate interference.
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The principal interference-causing reflection originates from the vessel wall
behind the transducer. The low-frequency limit for the pulsing technique is set
by this reflection path or the vessel radius. Increasing the radius does not neces-
sarily improve matters, because, for a given pressure capability of the vessel, the
wall thickness increases with the radius. There is a pressure-size relation that
optimizes the crossover between the frequency range in which the vessel is
essentially transparent and continuous-wave signals can be used and the frequency
range in which pulsed sound is feasible.

A calibrated standard transducer is needed to determine the insertion loss of
the wall as a function of frequency and pressure, or to serve as a standard in a
comparison calibration as described in Section 2.2. 1. If no change is observed as
a function of pressure in an insertion loss measurement, however, it is safe to
assume that both the insertion loss of the vessel and the transducer response do
not change. The probability of equal and opposite ,;hanges over a wide frequency
range is negligible. Such "no change" measurements have been observedl 9 ,20
using the type F27 and F30 transducers described in Sections 5.9.1 and 5.9.2.
If changes are observed, and if a standard calibrated elsewhere is not available,
the internal transducer and the vessel are evaluated as a single unit.

If the transparent vessel is large enough to accommodate simultane-
ously two transducers separated by a distance that meets the proximity
criteria of Section 3.4, it can function as a tank facility as described in Section
3.12.

3.14 Coordinate System fos Transducer Orientation

A standard system 6 of left-handed polar coordinates like that shown in
Fig. 3.62 is used to relate calibration measurements to a transducer. The system

- is fixed with respect to the transducer. The origin of the coordinates always is
placed at the acoustic canter of the transducer. Other relationships follow
the conventions below, unless otherwise specified. It is assumed that a
transducer normally transmits sound in, or receives sound from, a horiLontal
direction.

FIg. 3.62. Standard coordinate system
S for tansduor orientation.

Q 0

SN_
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(a) The positive Z axis (0 = 0°) is in the upward direction when the trans-
ducer is in its normal position.

(b) The positive X axis (0 = 00, 0 = 900) is the direction of normal propaga.
tion or the acoustic axis.

(c) Response or sensitivity is measured in the direction of the X axis.
(d) Point or spherical transducers are oriented in the coordinate system by

an arbitrary choice, but reference points (scribe marks, serial numbers, screw
heads, cable glands, etc.) that coincide with the X and Z axis must be specified.
Figure 3.63 shows an example.

Z REFERENCE:
CAB.E GLAND

- X REFERENCE:

SCRIBE MARK, SERIAL
NUMBER, ETC.

'Y_

*x

Fig. 3,63. G rdinate system for a point or spheaia transducer.

5 ,(e) Cylindrical or line transducers are oriented with the axis of the cylinder
- . or line coinciding with the Z axis. A reference mark in the XZ plane in the direc.

tion of the positive X axis is specified, Figure 3.64 shows an example.
-, (f) Plane or piston transducers are oriented with the plane or piston face in

* , ,the YZ plane with the X axis normal to the face at its acoustic center, A refer.
ence mark in the XZ plane in the direction of the positive Z axis is specified.
Figure 3.65 shows an example.

When unconventional orientations or configurations are used, calibration data
should be accompanied by special sketches showing the same information as
Figs. 3.63, 3.64, and 3.65,

Polar directivity patterns identify the plane of the pattern by the direction of
(1) the 00 radius vector (normally the acoustic axis, if it lies in the plane), and
(2) the 90' radius vector. If the radius vector coincides with the X. Y. or Z axis,
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Z REFERENCE:
CABLE GLAND - X REFERENCE:

SCRIBE MARK, SERIAL
NUMBER, ETC

y -

x

Fig. 3.64. Coordinate system for a line or cyllndziciil mnsduc=r.

./ Z REFERIENCE,

- t-

Fig. 3.65. Coordlinto system for a
plm or phto Uan duc.

\

*'

:4
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these symbols are used rather than the angles 0 and . For example, an XY pat-
tern means that 00 is in the direction of the X axis and 90 in the direction of the
Y axis. Examples of XY, XZ, and YZ patterns are shown in Figs. 3.66, 3.67, and
3.68, respectively. If the 0e or 900 vectors do not coincide with an axis, the
directions are identified by 0 and 0. For the example in Fig. 3.69, the pattern is
identified by (4 = 45,0 = 908) and (0 = 0*).

z

VIEW OF
I PLOTTED PATTERN

UPWARD AXIS
OF ROTATION

Y

H&5 3.66. (kieataion of a VDIar pathmn in the XY plazw.

4

i•
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z

9010

UPWARD AXIS
OF ROTATION

VIEW OF

_ _PL~P OTTED
PATTERN

010

11g. 3.67. Qke~aiin of a poaa pattmr tA the XZ plai.



FUNDAMENTALS OF FREE-FIELD MEASUREMENT PRACTICE 179

Iz

090

5 Of ROTAT"O

KtOTTIO
PATTERN

It.J.6. Ok~ton of a pobt putwm lo the )Y paa.

1S
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z
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PWAAD AXIS

Of NOATIO

PATYEI~h

q.*g 3.69, nl Otiior ~iA piga palitm In tho pi datiiei. by i) Ou dim
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It is easy to confuse rotational directions, and axes of rotation are not used as
a reference. If the patterns were measured by revolving the standard or reference
transducer in a wide circle around the unknown transducer, the standard and the
data plot would move together in the same, usually clockwise or compass-wise,
direction. But patterns actually are measured by rotating the unknown in a
direction opposite to the data plot. That is, to plot data for 00 to 90" or in a
clockwise direction, the transducer must rotate from 00 to -90* or in a counter-
clockwise direction.

U !In some unusual cases, patterns are measured in configurations other than a
plane. If, for example, the two transducers are at different depths and one is
rotated about a vertical axis, the line joining the two transducers will sweep out
a conical surface. In unconventional pattern measurements like this, the pattern
identification scheme should be described in detail, preferably with a drawing.

3.15 Data Reduction and Analysis

When transducers are calibrated in free-field facilities and with automatic sys-
temns, the calibration equations of Chapter 11 need expansion and modification
into practical formulas that account for units, constants, amplifier gains, attenu-
ators, conversion to the decibel system, voltage and current measure calibration,
voltage coupling losses, and so forth, The formulas are further modified to fit
techniques for reducing the tedium of computing many data points.

Before, during, and after data reduction, certain examinations and analyses of
the data can be made to determine conWtency among the measuenmnts and
compliance with theory as given in Sections 2.11,2.13, and 5.2.

Te receiving sensitivity Ml and transmitting response S of a trinsducer almost
always are given In the decibel system, and when they are the correct terminology
is sensitivity or response lea'w. Patterns almost always are plotted with decibel
scales. Other parameters, like directivity Index and efficiency, usually ale given
in decibels. Consequently, when speaking of the sensitivity M, for example, one
ac"ually m.eans 20 log (MiM0), where Me is a reference value.

Measurements of a voltage e with a system like that shown in Fig. 3.26
always involves the gain of the viosteg auplifier. "rte amplifier Is calibrated and
tie gain Is read directly fronl dial settings, The pfin G is a lasure of thw ratio of
output voltage to input voltag, or

o= ~G =201o lug33itnput voltage (

Attenuation is treeted aI e tgative gain.
Whee a hydiapho c %Ate coupli% loss is mearled ian dc ,,4b it will be

syntbolited by aL:

C 20 logM e, - 20kl0 0 . (3,33)

I l'
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when e, and eo are taken from Fig. 3.25. Note again that CL is a positive number
for a true loss.

Where the projector voltage or current is used in a formula, the voltage or cur-
- rent must be related to the output voltage of the "e and i measure" circuit of

Fig. 3.26. This is the same as the output voltage e, or e in Fig. 3.27. These
relationships are found by actually measuring ee or e as functions of e and i,
respectively, and then defining

Ke = 20 log ee - 20 log e, (3.34)

K, = 20 loge1 - 20 log i. (3.35)

The value of K, would be expected to be equal to 20 times the logarithm of the
voltage divider ratio in Fig. 3.27a; K, would be equal to 20 times the logarithm
of the resistance in Fig. 3.27b, and be a function of the toroid transformer turns

- ratio in Fig. 3.27c.
Equations (3.33) and (3.34) represent dimensionless ratios; consequently, the

units of voltage are unimportant. It is only necessary that the same unit be used
consistently in each equation. The units in Eq. (3.35) are those of the MKS
system and K, is the logarithm of volts per ampere.

3.15,1 Calibration formulas

In deriving calibration formulas, it will be assumed that all measured voltages
are subject to finite amplifier gains, and all hydrophone voltages are subject to
coupling losses. This is done for the sake of completeness; such gains and losses
do not always exist,

A free.fleld voltage sensitivity level obtained by comparison with a standard
hydrophone is given by Eq. (2.1), which, expanded and modified, is

20logMx 20 logM, + (20logex-G+aL,)

- (20 log eg - G, + c,), (3.36)

where the x subscript denotes a quantity associated with the unknown and the s
subscript, with the standard. The units of #4 will be the same as those for the
standard calibration M.-that Is, volts pet unit pressure (ote of the unit pressures
shown In Fig, 1.1). The voltages are referred to one volt.-- 1"4 A tanamitting current response Sm obtained by measuring the transitted
pressure with a stndard hydophone is given by Eq. (2.6), which, expanded and
modified, is

2ologSx (0 l g oes -G+CL.) + 20logd - 01luMs

-(20 log e- , - Ga. (3.37)

4
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The units of Sx will be unit pressure per ampere when the unit pressure is the
same as that used in M. The voltages e, and e1 are referred to one volt, and the
distance d to one meter.

A transmitting voltage response S,' is taken from Eq. (2.7); the formula is

20logS' (20loge,-Gs+CL,) + 20logd - 20log Ms

S- (20 log ee - Ke - %e). (3.38)

A free-field voltage sensitivity obtained by a reciprocity calibration is given by
Eq. (2.17), which, expanded and modified, is

20 log MH = [(20 log epfl - GpH + CLH) + (20 log eTH - GTH + CLH)

-( 2 0 log epT - GPT + CLT) - (20 loge 1 - - GI)T

+ 20 log J + 20 log d]. (3.39)

The units of M depend on the units of J, which is given in Figs. 3.70 and 3.71 for
all four reference pressure levels of Fig. 1.1.

-A

rl4y imM

Ill, 3.70. fteiptady pwaiua 20 WS i as a Wnetion of ftcqueny in cp units.
J MIIS it (24/pl) x 1071 whete.M is in volu pot talcgiabu, S to in mo r pt amnpte
at d em, d * 100 coi, and p a 1.00 gkcmos Note: Subum 149 dO whwo sefecnoc pt
s to n*(l I uA"uo "002 Au.
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"* -MC ' ---- 4 ]t
-340

----- 1-

-3W

2 3- 4 5 -6-?09W 2 3 4 5 8910 3 4 56760F

Fig. 3,71. Reciprocity parameter 20 log J as a function of frequency in MKS units;
J a MIS - (2d/pf) x 10-12 where M Is in volts per micronewton/moter 2, S Is in Micro-
,,.wtonlmeter 2/ampere at d meters, d = Im, and p a 1000 kl/m3. Note: (1) Add 240
dB when reference presre Is changed from I liN/m 2 to I N/m 2 . (2) Add 52 dB when
reference pressue Is changed from I PN/rn

2 to 20 NI/M2 .

Equation (3.39) Is cumbersome if all 14 terms are used. In practice, this
usually Is not necessary. The distance d can be combined with J from Table 3.1
and Fig. 3.71 by adding 20 log d, with d in meters, to J. The electrical
impedances of the projector P and the reciprocal transducer T usually
are low In comparison with the input Impedance of the fitst receiving amplifier
in Fig. 3.26. Thus, when they are used as hydrophones, P and T will have zero
coupling loss, or CLp ,* CLr - 0. The hydrophone itself may have no couplifig
los If It has no preamplifier or if end.of.cable calbratlo's are used. Then

- -CL#1 a 0. With a receiving system that ias good linearity over a large dynamic
range, the amplifier gains can be the samte for all four measurements lit a
reciprocity calibration, and thereby cancel out. Still further simplification is
obtained if the current or el is held constant by a normalizing circuit as shown

, : In Fig. 3.26, and a circuit with a 648.per.oclave insertion IOU is used to cWib.e
J with er/. All these lnpliflcatiows reduce Eq. (3.39) to

201osM 1u (2Oljgopj - 2 logep *)+ 20 ° ue +1. (3.40)

where tp' includes the 6-dil.per.octave lo equivalent to J and K0 includes all
system cons ans hiludiq cutivt, distaice. and a sefetence level for *T..

S, .

0 .
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Table 3.1. The reciprocity parameter as used in Eq. (3.39) for five
different reference pressures used in the definitions of free-field volt-
age sensitivity and transmitting current response. The units of d and
p are meters and kilograms per cubic meter where the reference pres-
sure is in newtons per square meter, and centimeters and grams per
cubic centimeter where the reference pressure is in microbars per
square centimeter.

Reference Pressure Reciprocity Parameter (f)

1 N/m 2  2d/pf

I mN/m 2  (2d/pf) x 10-i

20 AN/rn 2  (2d/pl) x 10- o

I pbar (2d/pj) x 10- 7

0.0002 /Abar (2d/PJ) x 4 x 10-Is

Roshon 21 uses Eq. (3.40) and laro".. %ical techniquos to compute Mt over
a wide frequency range. T'" .. ween the first two terms in parentheses
is graphically added to . term, resulting in a curve proportional toM.
Then, a computation at just one frequency is all that is necessary to account for
Ko and reduce the curve to the absolute level.

If a fourth measurement in which T is the projector and P is the hydrophone
I (see Pig. 2.5d) is added to the conventional reciprocity trio, Eq. (2.18) can be

expanded and modified into a formula similar to Eq. (3,39), but with the P and
, T subscripts intrchanged, Such aut interchange affects only the 'PT" and "I"

parenthetical expressions. Equating these expressions constitutes a check on the
ruiprocity of P and T. That s, if P and T are reciproca), then

(20 log, e pr -G ITr ) + (20 log e$ - , -Q),

(20 log p Trp + Cp) + (20lo8ge - K -GI)p (3.41)

The value of K is independent of the projector, T and P usually are similar trans.
ducers so that die galns cac0,1 out, and C4. and CLap usually ar zero. 11ten
Eq. (lI) reduces to

S20 loser + (20 log el)r 20 'us e.p + (20 loa e')p. (1.42)

Ttohe numetical values of the two sides of Eqs. (3.41) ot (3.42) may differ by a
f"w tenths of a decibel bix-Ause of twdon eror. An average of the twit expr s.
Sim t ihe cut be used i Eq. (3.39) imtuld of only the left4twiad e4X tsin.
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3.15.2 Conversion of reciprocity parameter and level

The reciprocity parameter J in Eqs. (2.17) and (3.39) is defined in Section
2.3 and Eq. (2.13) as the ratio MIS. In the literature 22 ,23 this J is shown to be
an acoustical transfer admittance U/p, where U is the volume velocity of a simple
source and p is the free-field pressure in a spherically diverging wave at the dis.
tance d. From this, then, J is

j .2d (3.43)

where d is the reference distance of the transmitted pressure in the definition
of S-that is, one meter-, p is the density of water; and f is the frequency. If all
the parameters in Eq. (2.17) and (3.39) were consistent or in a single system of
uffits,mnd if tile reference voltages, currents, and pressures used in the definitions
of '0 and S were tile units of the system, then Eq.- (3.43) would be a complete
formnula for J. Where the units are mixed (MKSA volts and amperes. cgs micro-
buts and centimeters, and reference pressures other than one newton per square
meter, for exwmple), a conversion constant must be added to Eq. (3.43). These
constants arc shown in Table 3.1 for five different reference pressures. In each
case, it is assumed that thle same unit system (that is, MKS or cgs) is used for
2d/pf as for the reference pressure. It should be noted that even though
20 pN*m2 and 0.0002,ubar are the same pressure, 20 log J Is different for the
two cases because different units are used for 2d/pf. This difference accounts for
the factor 10-5 in the conversion contants. That is,

*dm 10-5i dcm (3.44)

li10 remaining part of tile conversion factor accuuits for lte reference Pressure
level differences shown in F~ig, 1. 1. Tite paraterta 20 log J is plotted as a func.
tion of frquency in Figs. 3.70 and 3.7 1.

Sice lte free-fteld voltage sensitivity of a given hydfophorteo Is proportional
to thle leference pressure, lte sensitivily levels will differ by the same amount as
the pressure levels Shown InI Fig. I .1. One0 then can compute At Withi one trote.
once pressure level and use Fig, 1.1 to chango it to anlother. 8111ilatly4 tile
teferettee level of ltre Itaimmilti cuttent response canl be changed by using
Fig. 1.1 and inverting the difference, Table 3.2 shows lte relative levels of 41,

S.and J. The level differences con beo used to convert frot one systont to
a'th r. o ex.anple, At referred to I volt par inicionewbon per squate it Ir

will be 100 dl lower tl hantl coei(. to one volt ernkbaTito 2 log)
4 col-umn of Table 3.2 also, cat be obtaod ftontlite moesio factors in Table

3.1 and q.(3.44).
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Table 3.2. Conversion factors or relative levels of sensitivity, response.
and the reciprocity paraineter as a function of the reference pressure.

'Reference Conversion from I N/m2

Pressure
20 log M 20 log S 20 log J

I 1pN/rn 2  -120 +120 -240

I pbar -20 +20 -40
20 pN/m 2  --.94 +94 -188
0.0002 Pbar

3.15.3 Data consistency

Calibration, test, and evaluation data on underwater clectroacoustic trans-
ducers. like any experitental data, can and should be examined and analyzed
for internal consistency and consistency with theory. There are many ways of
doing this, especially if all voltages end currents are measured and all responses
aWd sensitivities are plotted as continuous functions of frequency. Such plots are
assumed in the paragraphs that follow. Each paragraph describes the examina-
tion and analysis associated with each type or combinations of types of data.

3 A. T"anidtWcerinput or Outpett Voltages and OCrnwnts
The basic raw data of a measurement are several lines on a strip chart repre-

suting hydrophone voltage and projector current or voltage as a function of fre.
queney. Those plots are examined first for evidence of the various types of Inter-
ference discussed In Section 3.10. If, in accordance with good practice, the
measurement are made at two distances between the projector and hydrophone,
the difference in levels Is checked for proper "distance loss." li a reciprocity
calibration the "reciprocity check" discussed lit Section 2.3. Figs. 2.5b and
2.5d. and 61, (3.41) is made. The projector voltage and current (or voltage pro.
portional to current) of a sharply resonantt transducer usually will peak or dip at
tile resonance frequency unless tile voltage Is mnialiled, These peaks and dips
should be consistent with the theory of Pip. 2.SI, 2.M3, and 2.54 lit that (a) the
current peaks and tile voltage dips at tile stortance of a pliczooletfic transducer,
and (b) tile Current dips and voltage pe46, at tile .e swalnco of all aokctrwoaia.
ntte transldtr.

11. Response and SN.etnskir
ilte ,rest test for tile validity ofa compuPted te:poilse or sensitivity tis to ob.

win data by different and independenit inelhods and compae tesults, The fice field
!eciptochty iand twoinojoatot nut) tuethods, fix exaniple, wotild be coi t pltely
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independent. Few places have facilities for such checks on measurements.
More common are semi-independent techniques like comparing continuous-wave
and pulsed-sound results, or examining results in overlapping frequency ranges.
When a wide-band hydrophone is calibrated, the frequency range of the measure-
ment usually is limited by the projector. A moving-coil projector would be used
in the audio range to, say, 20 kHz; typically, a piezoelectric projector would be
used in the range 5 to 50 kHz. The two measurements would overlap in the
range 5 to 20 kHz, and would be semi-independent in this range. That is, some
of the measurement conditions would be the same and others would be different
in the measurements in the two ranges. Repetitive measurements also can be
made to identify random errors. Agreement with theory as given in Section 5.2
and Figs. 5.2a, 5.2b, and 5.3 should be examined. In a resonant transducer, the
free-field voltage sensitivity will peak at a lower frequency than the transmitting
current response. This is evident from the relationship 20 log M - 20 log S = 20
log J and the fact that J decreases at a 6-dB-per-octave rate. This frequency dif-
ference is small and not shown in Fig. 5.2, but it may be discernible in some
cases.

C. Response and Sensitivity vetsts Patterns
If the response or sensitivity is measured in two or more directions, and if

directivity patterns are measured in a plane including the two or more directions,
the differences must be consistent. For example, if a hydrophone sensitivity is
measured for both the acoustic axis (X direction) and at 9 0 (or Y axis direc-
tion), and at a given frequency the latter is 6 dB lower than the former, this same
6 dB difference should appear in the pattern at the same frequency.

I1 D. Response retns Impedance
The transmitting current response S and tansmnittngvoltape response S' a&e

related according to 01's Law:

20 logS - 20 logS., 20 o gZ. (3.45)

where Z is tie transducer Impedance,
Equation (3.45) is a consistency cheek if the projector current, voltage, and

impedance are all measured. Sometimes Nq. (3,45) Is used to find one of the
three parameters when only ltew olher two are measured. It is evident that in a
resonnt transducer, S aold S' will not necessarily peak at tie same frequency
because, as is shown In Fig. 252, the uaxanwn Z is not at the rdsonaiwe
fiequency.

Ui. Patems
Iattelnts can be exanied for agleentwill with tile theory of Section 2.11 ald

Pigs. 2.41, 2.42, and 2.43. The width of te ohtn bean ald tie diffeolnce in
ievel between lite maini beam aod the first minot lube ate the two parmneters
tiat usually age C-Salined. This requires umlto knowledge of at l"t educated

4. .
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guesses about the actual size and configuration of the transducer. Beam patterns
become narrower as the frequency increases. Any violation of this rule usually
indicates that a pattern is being measured at a harmonic frequency. Where pat.
terns are measured in several planes, there should be consistency between certain
levels. The front-to-back differences in XY and XZ patterns should be the same.
The difference in level in the Y and Z axes directions should be consistent in all
patterns. If patterns are taken in the three principal planes, then a Y and Z axis

U check would show that

(Xi @ 900) - (XY ca go") (YZ (0 o ) - (YZ @W 9O0). (3.46)

F. Impedance
If the transducer impedance is measured by more than one technique, the

results should be consistent, of course. There are three techniques. The "e and
measure" calibration data give only a general idea as to the impedance. Vector
impedance locus plotters (VILP) automatically display Impedance in thle form
shown in Figs. 2.52b, 2.53, and 2.54. Such plots are convenient and useful, but
not very accurate, For high accuracy, impedance bridges are used, and the data
are plotted as in Fig. 2.52a. The plotted data should be examined to ascertain
that maximums, inumintum, and slopes are all consistent. with the theory as given
in Section 2.13.

G. Coupling loss
The voltage coupling loss is independent of tile acoustic load on a transducer

except near the resonance of a sharply resonant transducer, Consequently, with
wide-range hydrophones, bench mneasuremients in air should produce the sameS results as regular measurements in water. Since electrical grounding conditions
often affect coupling loss measurements, a comparison in. air and water environ-.
inents Is useful to detect this source of error, If they do not agree, it usually
nicans that the calibration resistor is being shunted by i ground loop in one of
(te two conditions. Thto coupling loss usually is approxlitately consfant downt
to a low cut-off frilquency which is 11ot to be confused with the sensitivity cut-off

I. frequency described In Section S12 and Fig, S.3. Flguwv 3.72 Is a simplified
'.;-.vesioll.of Fig, 3.25 shlowing thle pi~eulecirc gA01erator and thle Parallel reo"s.

* quotneles, tite reslstnces fig gild P4 are mucil larger thma thle reactanees I /wet
aind Ilk.4. and tile coupling calibration voltage e. is divided across the two t'c-
actaiwoi. Us~I division is constant with ficquency. At iontic low ftequency,

*typically I to lO01h, h/tC. becomles eqjual to Ia. This is thle cut-off freqlumncy,
At flequoldii Moow tile cut-off e is divided across R,, mnd 11o4, and thle rto
ede/e 1ncreass at thle rte 6 dlid?~e octavo as tile frequenlcy Is deAsed. At I still
lower frequency, ej will divldd actoss RX and Rj and lte ratio el/Cd again will

* be-onic constant. but thjis usually hiappens tit too low A Nrqueticy to obsorve. All
unusually high cut-off' (rcquency tdam0% that Rd is stuallot tdwa usual-as for
oxmillpla, whelltimoisuld gets into did hryslropholle.
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PIEZOELECRIC AMPLIFIER
ELEMENT INPUT

-R *~ R,

* COUPLING CAIBRATION VdOLTAGE
Fig. 3.72. SinipWed coupling mecasurement circuit. Stiay capicitances and lekg to-
sistances are lumped with C. and R.or with C. and Ra according to whether thoy age in
t crystal or the atuplie side of the coupftn c~aion voltago.

H. Efficiency and Other Parameters iiceyaefninsfte
Various electroacoustic parameters, lkCefcecaefntoso i

measured paranmeteiStespouse, sensitivity, directivity. and iinpedance. They ate
obtained by computation. It follows that any peaks, dips, or anomalies in the
frequency curves of the measured pararnetors must appear ' n the computed
palanicters-unless. of course, they coincidetally c100 out. Compute pan-
aters should be exiinined for co aistency in the contours of te curve.

3.15.4 DAa ACCUMCY

Thie calibration of an underwatet elcsroacwitc transducer Is a nuleasrewtin
of a dynamic system in All unstable envireonient. The transducer itself vibrates
in many complex ways.. Ideally, th octoeuteele,,wi -itself, coup*in
'fluids, and acoustic windows Viblate freely. At tho sanie finac, all other pain' of a

* trasducer ideally do not vibrate at 0.l The. ransducer ts expected jo be sonal.
tive to dynamic pressurs of the ofder of one niclobat ar I .5 X to1 psi' and I.
sensitive to latl pre'ssutes of 103 psi 4r morle. Th10 water 11tediuna never ft tile
botndss, homoocaous, amil stable tnediwn it is ammne t to be, It Is utnder-

ianrblie,, siw, tt waderwatot oci tcoa oustie wsrettt aie not 0s
.*. ac~~~~uorate aid Ineciseas soino oter types of calibratiwiown reans

Most ugtivitiex -will. Clam all ac6uvac of t 1 t4 for a acswrietist wan on.
known transducer per rormed onc, atid' with only a nawilntl effort at data exatti*
riaii d analysis. Whote several independent, mi-indopeadenit,wad redundant
8104wrefilntscw CAP titik acuay o J dlca be eeCted, and peihaRs in
sowi eaccptilw CW&e it 111y be a Qoo as 0.2 do).
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As used here, accuracy does not have the precise mathematical meaning that
is possible when many le,lsurements are made and average deviations from the
mean can be determined. It is the kind of criterion one would put in a specifica-
tion and is a mcasure oi the data spread under various measurement conditions
after the data in each case have been examined, analyzed, and perhips corrected
for observed error.

In an international round robin hydrophone calibration program, 24 accuracies
of ±0.5 dB to ± 1.5 dB were claimed by various participants. When the data from

all the participants were analyzed, average deviations of ,. to 0.6 dB Were found.

REFERENCES

I. J. L. Jones, C. B. Leslie, and L. L. Barton. -"Acoustic Caracteristic4 of a Lake
Bottom." J. Acoust. Soc. Ami. 30. 142 (1958),

2. R. J. Bobber, "Acoustic Characteristics of a Florida Lake Bottom." J. Acoust. SoC.
Am. 31,250 (1959).

3. R A. Bobber. "Atirferew Versus frequency in Measuremont b ,i Shallow Lake,"
1, Acoust. Soc. Am. 33. 1211 (1961).

4, it, Stenzel. litfaden np Rerechnung von Sci1ailhovgdngcn (Julius Sprinfer. Berlin,
- 19!9) Englh h translation by A, R. Stickley, "landbook fox the Calculation of

Sound Propagation Phenomena." Naval Researih tabosatory Trans4tion No. 130.
i_ 5, Sonar Waibatton it hod., Sununry Technical Report ot NDRC Division 6. Vo, 10.
6. "American Standard Procedures for Cafibration of Eketroacoustw Ttenwuocers, Par.

ticularly Thow for UW in Water," Z14,24.1951 t'USA Standardsk Insltutm. New York),
7. R, W. lukmoruv and R, C Hanwa, "Antena Nwtr enisitkes in the Ftn-I Ron."

Proe. IRE 47. 2119 (1959).
6, C. A. Sabin. "Valib-iatlnn of Pison Tcanuumrs A Margin Test Digane."j. Acost.5 Sc. Am. 36,168 (1964).
9, . J, Ilobtr and G. A. Sabin, 'OVllicil Wov RMpacity PwwCt, J. A o .

Ssw, Am.33. 446 (1961 t.
* ID,10 k Yamada, "Atvusltc Reimonw of a Recaripula Recvive tI a RclangWt tc~

Papcr% of Ship Research Institute (Tokyo) No. 20 )unte 19l7,
1|, 0: M, Ow yV "etIn twio. lct Soul Projito s." V.S. A10it1 No. 24S1,09

tilted July 1Q44).5 I 2.S. Ucidian, I4queys A~w4*is XUA#Wr * 4%t $ Vtiw-raw.HIlorsk c. InV.,
N York, 1949).

I). t~fsew, /sn'Sed nwtt t CM isrlto t-rs(Mvet Publkiar tit.
Now Y047h, t9iO).

4.0, It Mt Dte-, rrHI -i*n PolkAt reir~nqutt (1100101 w bwdng Oapwown
Nfw Volk, t060)

M R, . tod 41d Vi W, Stop,%, "itt Meicsatguwnooti i.tf Itjlat at b0 1'ewn,"NIaw"Al• Rtsreh Atatney~m) ,*Itpi No, Ot5itI, Pr0ci 1967.""

Vol, R. Ole. 28, "Aawi 1'ory o1 tkilr'."
1 7. C it IMauw. "An Aitc vutit took for tVtskwalct SruVtMtwonstvndc Ilth

,t. . .-2621004
is. A It Wallaor 4"d ' W, . .lrow. "Swat tannlucn Alw .,ake aio Ssto..

A ~ ~ ~ ~ ~ ~ ~ ll A7).Sc ~.3,~S(VII

Iflu tcnai .5.Iosmt $r db~to na(Stiok c~aecsete



192 FUNDAMENTALS OF FREE-FIELD MEASUREMENT PRACTICE

20. C. E. Gree~n, "Pressure/Temptrature Vemtes for Calibrating Sonar Transducers," Naval
Undersea'Warfare Center Report TP45, May 1968.

21. J. Roshon, 'Electxoacuustic Transducer Calibration Combined with Semiautomatic
Wta Reduatjon," J. Acoust. Soc. Am. 32, -I519(A) (1960). Also, Naval Electroniks
LaboralTrY Technical Mtmozandurn TM.469 of 18 Apr 1961.

22. W. Wathen-Dunn, "On the Reciprocity Fit%-Field Calibration of Microphones,** J.
Acoust. Soc. Am. 21. 542 (1949).

23. R. J. Bobber, "General Reciprocity Param~eter," J. Acoust. Soc. Am. 39,680 (1966).
24. W, J. Trott Intrnational Slundardiaaton in Untlomwtez Sound Mcaswoments,"

Acustica 20, 169 (1968).

44



Chapter IV

NEAR-FIELD METHODS

4.1 Introduction

The low limit of the frequency range in which useful calibration, test, or evalu-
ation measurements can be made in a small body of water generally is a function
of the minimum measurement distance set by tWe proximity criteria of Section

-, :.3.4. These criteria indicate that when a transducer diameter or length amounts "
to several wavelengths or more, the minimum measurement distance is many
wavelengths. At frequencies of a few kilohertz, this distance becomes very large
and interference from boundaris illustrated in Fig. 3,29 becomes severe, It also
was pointed out in Section 3.4 that whether conthouswave or pulsed wund
signals are used, the minimum distance should be used to disculminate against
boundary interference,

It became obvious in the late 1950's that th small lake, pond, and tank f4wli.
ties of the Navy wore runitng out of spac.;- (in'waveleogis) as fi-equendesr of a
few kilohertz And large transducers were comin Into use. If conventlo far-
fid muwasummonts were to continue. very larjne bodies of water and wry lar -

i and expensive facilities would be needd., Thv owly lnatlveo Would bi to devise
* nwcstxesnwit techniques that would change or eliminate the free-fleld far-Skld

tanulucer proximity mqulserenu. t . for exanl, tme could mrke m e.sure-
.erts in the near fleld or Preael Zone of a t.1amducc anid extrapolate tiWresults
to eonventiotalfiald Patterns andt rsponwxa s'gu &ving I space and ma.ey
could be wi"1zd

Sonm basic rsitthetieAl theory for extipl itning nr-fi1ld daoa to fad-ild,R " Ipattes and rezpom* wt avoilble,14 N1 had nut b ec. usd in practi. i , -.19$ , th.NAvy (mwstcr Sotnd givotoc I ,!4bworatoy (USR-L) iecontfwr Rded

m* the Ofe ..o d NWv4 ReAtol that a study hk spooswedW at ton uPi t .ity "I:th
.lh of a1 ullt ing d ipyhii tY1 w, amattai.kal concepts to 1i 1el NAVY
problo.v4 of 11l"4 cifhtbrluht, t'e, or o4valuatimtn nleminettts art lisg oArt
fm " "thtt i t9 9 folon, IliK, id bAker 4t the D'f*nse Rtaid) Lttlila.
-ty {1)$(L) of lhe Zlstiverulyof tsn wnferto tlj I"t i, c.be jiof-

st.o.i&Ho4l p of the OficN of t h i c tl h id tIh NAW4 I&kl4tof hiops. At
"t wiw Woie. W. J. Tholt ai tN.AURIL c.Ohiut.d to Uvcklo w the t futte $wcib-'
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in part of uniform plane progressive waves. The two approaches to this problem
have become known as (1) the DRL method, and (2) the Trott array. Both have
been successful, and each is discussed in the sections that follow.

4.2 Theory of DRL Method

The DRL method is based on formulas from Kirchhoff and Helmholtz5-7 and
the concept illustrated in Fig. 4.1. If a sound source is completely enclosed by a
surface S, the pressure p(P) at any point P in the space exteriot to S and due to
the sound source within S can be detennined by the surface integral

P ( 4i ff [p ( e(- (e --) ap(Q) (4.1)
::)!;"..:.f [PF a 14) ()n r7 r ]an '

where p(Q) is the complex pressure at a point Q on the surface S, n is the out-
ward normal to S at Q, a/an denotes differentiation in the normal direction, r is
the distance from Q to P, and k is the wave number. Equation (4.1), known as
the Helmholtz formula, is valid only for the case of sinusoidal waves.

Fig. 4.1. Surface integration for the Helmholtz formula.

The direct use of the Helmholtz formula requires that the magnitude and
phase of both the pressure and pressure gradient be measured over the surface S.
The pressure gradient is difficult to measure with good spatial resolution, how-
evor, because pressure-gradient hydrophones generally have dimensions of 2 to
5 in. (see Section 5.12) and, in effect, measure the pressure gradient averaged
over a volume of 8-125 in3, Without a very small or probe pressure-gradient
hydrophone, the pressure gradient at a point In a sound field cannot be ac-
curately measured. To avoid this measurement, It is assumed in the DRL method
that the wave propagation at the point Q is approximately plane, and

a8PCQ)Q iJkp(Q). (4.2)

4
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This approximation is valid for surfaces of moderate curvature over which the
pressure changes are not sharp. For the case of a cylindrical wave, for example,
Horton shows that it is valid when the diameter of the cylinder is 5 wavelengths
or more. 6 Experimental results on large cylindrical and other transducers also
support the approximation. For general application of the DRL method, how-
ever, the approximation in Eq. (4.2) should be examined whenever the transducer
and the surface S do not constitute a large cylinder or sphere.

A second assumption is that r is very large. This is automatically valid, of
course, if Eq. (4.1) is being used to compute far-field patterns or response. Then

:.i ) ~ k e "ar .kei'
.k' - = "j"-(el cosf, (4.3)

where f3 is the argle between the normal and the line from Q to P. Substituting

Eqs. (4.2) and (4.3) into Eq. (4.1) and taking the magnitude of r as approxi-
mately a constant yields

p(P) JAJJ (I + cos )eAp(Q)dS. (4.4)41Trff
s

In any particular measurement, the magnitudes of r and k are constants, the
magnitude and phase of p(Q) are measured at closely spaced discrete points over
the surface S. 0 is computed for every point Q from tile geometry, and Eq. (4.4)
is used to determine p(P). The magnitude of the quotient of p(P) on the trans-
ducer acoustic axis over the current driving the source is the transmitting current

*response. For a pattern, p(P) is computed for a series of points on the arc of a
circle centered on the source. The computations obviously are formidable, and
an electronic computer is necesviy to make the method feasible; however, once
a computer is programmed for a particular surfaie S, tile computation is easily

' tiode,

3 4.3 Practice of DRL Method

The practical use of the DRL method is illustrated by some of the work of
Bakor,7 who experimented with the large cylindrical transducer shown in Fig.4.2,
which consisted of 48 vertical staves equally spaced about the axis. Measure.
inents were made while groups of 12 adjacent staves were drIven. The surface of'
integration was a cylinder 1.25 wavelengths larger in radius than tile transducer
and shghtly longer than tile transducer. A calibrated probe hydrophune was held
in a fixed position 1.25X from tile transducer as the Itranoucer was rotated in
steps. of 1,6' , The pressure and plhaw were ineasured at I0 points in a circle
around the transducer. ThIe probe then wais moved upward to a new level and
the ,suence releated, The Surface tf 1:1tegiation wai not closed in this example,
No imeasurmoents wee made above and below tihe ranither, It was assuned
that thie promure above and below tile tusduie was unall enough to be

I2 '

t .
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neglected. Figure 4.3 shows sample plots of data obtained at one level of the probe.
The separation between measuring points should be less than 0.8x-a common cri-
terion for approximating a continuous plane with an array of points. The experi-
ments showed that greater separation in the plane of a pattern being measured
introduced scallops into the pattern; however, greater separation in the orthogonal
or vertical plane seemed more tolerable. Figure 4.4 shows a pattern computed by
the DRL method and measured by conventional far-field techniques. The agree-
ment between angles of ±600 is quite good, even when only one set of 100 points
at one probe level is used. Better results are obtained if a line hydrophone is
used instead of the probe. If the line hydrophone is as long as the transducer,
is designed so that it integrates the acoustic signal along the length of the line,
and is positioned with the axis of the line parallel to the axis of the cylinder, then
the whole cylinder is scanned in one rotation. The results of such a measurement
are, shown in Fig. 4.5. A line hydrophone consisting of a series of closely spaced
discrete elements will integrate the signal when the elements are electrically con-
nected in series and the output open-circuit voltage is measured, or when the ele-
ments are connected in parallel and the output short.circuit current is measured.

OTh[R LEVELS1

'-

AT WHICH •.-.

DA E4ON

F4. 4.2. Skeldi of thi be oylindflcil iansdumt ahowing ner4leld
probe and the pWUou At wi th*eci4cel dau %we 12kc. (Rom Wet-
nCru 7.)

4'

'I



NEAR-FIELD METHODS 197

rr- -i-0

-Isct -135 -90 -45 0 +45 490 +135 +160
ANGUL.AR POSITION.0E RES

* ~ ~ ~ 120- -- -- -

40

410 -133 -90 .4s 0 *45 430D *413 t
AWALLA 0OITION-MMj~S

VNg. 4,3. Simple plots Of 12stave ncaz-lld data Ahwingi the position of
the active fico of the cy"IWdia ttaitdcce. (FRow t reernce 7.)
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-40' 44 40 -40' A 440

so* -a0 -8!

FROM DATA TAKEN FROM DATA TAKEN
AT I LEVEL AT 4 LEVELS

*COMPUTED POINTS
-MEASURED PATTERN

Fig. 4.4. Comparison of measured and computed horizontal fiar-field patterns of the
cylindrical transduce-12 active staves. (From reference 7.)

''40

T COMPUTED POINTS
-6 Go* MEASURED PATTERN

* FROM DATA TAKEN WITH

I** I LINE MYDROPI4ONE

Fil. 4.5. Comparison of meawued and computed horizontal
fv4leld patterns of the oybldzical tranaduca-12 active staves.

7, (From refertence 7.)

Vertical patterns computed from near-field data with the arrangement in
Fig. 4.2 require data at closely spaced probe levels. Figure 4.6 shows patterns
computed from data at 27 levels and 11I levels. Level separation in both cases
was less than 0.

Transmitting response and absolute source levels computed by the DRLM
method agreed withint I1 dB with conventional far-field calibration measurements.

Baker also made measurements on plane, dipole, line, and line-and-cone trans-
1 ducers. Where there was disagreement with far-fleld measurements, It was of the

order of I to 2 dli on the main lobe and high side lobes of the pattern. Levels
on low side lobes, 20 dlB or more below the axis level, generally were tc.o mnacn-
rate to use. However, the same is true for many conventional for-field pattern
measurements. Accuracy can be improved by closer spacing of the measurement
points and more complete scanning of the integration surface.

11te DRL scannig technique provides an added benefit of identifying sub-
norlial elemeants; in a multielenient transducer. Figure 4.7 dtows the effect of
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T 'W

*COMPUTED POINTS WMEASURED PATTERN

FROM DATA TAK(EN FROM DATA TAKEN
AT 27 LEVELS AT 11 LEVELS

Fig. 4.6. Comparison of measured and computed vertical
far-field patterns of the cylindrical transducer-six active
stave&. (From reference 7.)

onc inactive stave in the transducer shown in Fig. 4.2. A near-field pressure
anomaly usually will occur at the position of the subnormal element causing the
anomaly. This is not always true, however, and care must be used in interpreting
such effects. For example, two subnormal but identical staves separated by one
normal stave could produce a near-field anomaly centered on the position of the
normal stave.

When the DRL method is used with pulsed-sound techniques, thie dimensional
requirements of the volume of water probably approach the practical minimum.5 Only the invention of an ideal anechoic coating that would eliminate boundary
interference could reduce the volume still further. Figure 4.8 shows the dimen-
sions used by Baker. The tank diameter is less than 3 times the transducer diameter.

4.4 Trott Airay Concept
th Id first study of a feasible near-field technique, Trott8 .9 observed that
tena-adfar-field sound pressures produced by a large piston radiator were

relttd In the same way as the spherical-wave and plane-wave reciprocity paramn-
eters (see Sections 2.3.1 and 2.3.5). If the same transducer is effectively a point
on a. qiborival wave, as is assumed in a conventional spherical-wave reciprocity
~calibration, or a plane on a plane wave, as Is assumed in a plane-wave reciprocity
calibration, the free-field voltage Sensitivity M will be the same in each case. Theo

* transmnitting response S, however, depends on the mode and extent of tie wave
ppagationi Thus,

S.si , hi (4.5)

where J Is the reciprocity parameter and the subscripts p and s pertain to plane-
and sphierical-wave conditions, respectively. Tite near field of a large circular
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+8 - DRIVING 48 STAVES
-DRIVING 4? STAVES

+6

wJ+4

0

S,1+2

M-2

AM LPOSITION OFEGES 2

Fig. 4.7. Ncarfield pressure-ampitude data for 48 and 47 active staves of the
cyllnidricai tiansdume. (Rom reluemoe 7.)

piston radiator consists essentially of ac')Uimated beam of sound energy as
shown in Fig. 4.9. The average pressure pq in. any cross-sectional near-field area
of the beam Is constant, and thus the near field approximates a collimated beam
of uniform plane progressive waves.10.11  By Eq. (4. the far-field pressure pf
from the same large circular piston transducer being driven by the same current
as for p.1 then is related to pf:

4 P ss IS(4.6)

where P, Is the reference distance in tie definition of S,,, X is the wavelength, and
S is the cross-sectional area.

With a similar argument and use of the cylindrical-wave reciprocity parameter
(see Section 2.3.4), the for-field to near-field pressure ratio for a lie or thin
cylinder transducer can be shown to be Lr2Ya/ri X%, where r2 Is the reference dis.
twice for the cylindrical~vave transmitting response and L is the line transducer
length.

As in the DRL meothod, the average near-field pressure was obtained with a
4 scaining and Integrating techniique using a point or line hydrophone.
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TRANSDUJCER

THIN-WALLED

ht W

1~ Fij. 4,8. Layout of the cyllndcal haaaduce in the tank. (FRom ierence 7.)
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PISTON NEAR-FIELD
TRANSDUCER AVERAGE PRESUJ

FAR-FIELD
PRESSURE

Fig. 4.9. Near and far field of piston transducer; SP pnil,

S". . f

The reciprocity parameter approach actually was equivalent to a special case
of the DRL or Kirchhoff-Helmholtz method. If we let cos I = in Eq. (4.4), the
magnitude of the integral becomes

ff 2p(Q)dS = 2pfS, (4.7)

or

•I (-)(2pnfS), (4.8)

and

P SI: "'" rl' "'(4.9)

Equation (4.9) is the same as Eq. (4(6),

Instead of expanding from a special to the more general case of the Kirchhoff-
Helmholtz formula or the DRL method with its computational problems, Trott
took a different approach. He reversed the projector-hydrophone relationship
and visualized the scanning transducer as a point source that would, with integra-
tion over a period of time, construct a plane wave according to the classical
Huygens wavelet concept. If the plane scanning area were large enough, the
integrated sound pressure acting on the unknown transducer would be in.
distinguishable from the sound pressure in a plane progressive wave. The ques-
tion then is: How large is large enough? In attacking this question, Trott
dispensed with te scanning and computational integration entirely by conceiving
a large multielement array of small sources. As a projector, each element or
small source would produce Huygens wavelets. The elements would be both

4 small enough and widely spaced enough so that the array would be acoustically

S
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transparent. Then there would be no standing waves between the array and the

01 unknown transducer, nor would the near presence of the array affect the radia-
*' tion impedance of the unknown. The element spacing would still have to be

0.8;k or less for the array to simulate a uniform plane source. The array would
not be rigorously consistent with the Huygens wavelet concept, because it would

- . transmit in two opposite directions. Huygens' principle imposes a directivity
function (I + cos j3) on each wavelet source-the same function as used in
Eq. (4.4). Such directivity can be designed into a transducer, but practical diffi-
culties outweigh the advantages of a unidirectional array.

An unknown transducer could be placed very close to such an array as shown
in Fig. 4.10. The array would simulate an incident plane progressive wave. Con-

*' - ventional measurements then would be made with continuous-wave or pulsed-
sound signals with virtually no separation of the array projector and unknown
hydrophones. As in the DRL method, the whole electroacoustic system would
be linear, passive, and reciprocal, so the direction of signal propagation could be
reversed without invalidating the theory or the measurement data. That is, the
unknown could transmit and the array receive the acoustic signal.

Returning to the question of how large the array must be so as to simulate the
, .effect of an infinite array on an unknown transducer, we find that various

authors show how this can be answered if the hydrophone is small or effectively
a point.

Rayleigh's description 12 of Huygens' principle states that a plane wave of in-
finite extent can be replaced by the area of the first half-wave Fresnel zone
(irx 0) with the amplitude attenuated by the factor I /ir, insofar as the effect at a
point a distance x0 in front of the plane is concerned.3Stenzel t 3 shows that the pressure on the axis of a circular piston source is
given by

p = p e-xk - peue-(o+ X (4.10)

where pe is the characteristic impedance of the medium, u is the vibration velocity
of the source. re is the piston radius, and x is the axial distance, The first term
on the right-hand side of Eq, (4.10) represents the pressure in an infinite plane
wave with velocity amplitude u. The second term represents a signal that appears

to emanate from the edge of the piston and interferes with the plane-wave com.
ponent, causing the near-field axial interference. If the edge diffraction or second
part could be cancelled out by superimposing an out-of-phase ring source at the
piston edge, the axial pressure in the near field would be uniform, A point
hydrophone on tie axis then would be subject only to the effective plane-wave

, component.
Uniform sound pressure itn the near field on the axis is available directly with

two other radiator configurations, von laselberg and Krautkrimer 4 have shown
that a plane circular radiator with the vibration amplitude distributed radially or
"shaded" according to a Gaussian function vra produces a constant pressure on

,L?
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* ~RRAY

TRANSD4JtR
BEll"'

* CALIBRATED Fig. 4.10, Simulation of a plane progres-
* uive wave by an array of point souroms
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* the axis in the near field. It also has no minor lobes in the far-field pattern.
von Haselberg and Krautkrimer point out that the requirements for freedom of
the directivity pattern from minor lobes and freedom from undulation in the near
field seem to be identical. All evidence supports this relationship between the
near-field and far-field patterns, and Trott used this as a guide in developing his
array. In particular, this guide identified a line of points with binomial
coefficient shading as another type of radiator with a smooth near field, It hasS been known in radio antenna theory S that a line of n point radiators, with half-
wavelength spacing, and the source strength of the points set proportional to
the coefficients of the binomial expansion ( ? + b)"- ', has a pattern in the plane of
the line with no side lobes. It follows, then, that the axial pressure in the near
field of such a radiator will be free of undulations. A line source would have
two-dimensional spreading even in the near field, of course. The axial pressure
would be inversely proportional to the squart uoot of the axial distance.rather
than constant. To obtain a constant field, the binomial line concept must be
extrapolated to a plane source. Unlike the Gaussian radiator that is continuous
and infinite, the binomial line is discrete and finite, and a good basis for the real
array design discussed in the next section.

• All of the theory here has been limited to the near-field pressure at a.point or
on the axis. The extension of the near-field uniform pressure to a volume large
enough to accommodate a sonar transducer was the essence of the Trott array
design.

4.5 Trott Amy Design
I The Trott Array designI 6 ,17 is based on a replication of m number of line

arrays each consisting of equally spaced points with souce strengths (or volume
velocities) proportional to the coefficients of the expansion of a binomial of the
n-th power. To take a simple example, Ifn - 2, the coefficients of the expansion
of(a + b)l are 1,2,1. A line cont.isting of three point sources, with relative source
strengths 1,2,1 and separated by half wavelengths will produce a smooth or non-
undulating axial sound pressure and its directivity pattern will not have any side
lobes, The pattern from any such binomial shaded line is given by cos" 0, where
0 a (ffdfX) sin 0, d is the element eparation, and 0 is the pattern angle. Whzen
d a V2, then 0 w (ff/2) sin 0. It can be seen that as 0 varies from 0 to 90f, cos 0
decreases smnoothly from I to zero, or the pattern has no side lobes, The function
cos" 0 also will decrease snoothly from 1 to 0, and the pattern also will be free

-, ~'. - of side lobes. The function will decrease more rapidly and the beatnwidth will
become narrower as Pt increases.

To obtain pressure unlformity in a transverse direction, or off the axis, m
number of these basic binomial lines are figuratively placed side by side with the
,eparadon d, Then, using the acoustic superposition concept, the source
strengths at each position are sumnted as shown in Iig. 4.11, where in = 6 is
used. The dlectivity pattern of M uniform points is given by Eq. (2.5) as

.
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(sin mn)/(m sin 0). The pattern of the replicated line, according to the Bridge
product theorem given in Section 2.11.1, is the product

sin mO
p(O) = -- cosn 0. (4.11)~m sine0

The term (sin mC)l(m sin 0) is zero whenever rni = 21, 4v, 61r. The side
lobes as shown in Fig. 2.42 are rather high; consequently, the pattern given by
Eq. (4.11) will have side lobes also, but they will be reduced in amplitude by the
cos" 0 term. This effect is shown for the case n 2, m 6, and d X/2, in
Fig. 4.12.

1 2 I

1 2 1
Fig. 4.11. Replication of 6 lines with binomial

a... -i Icoefficient shading for the power 2 and sum.
mton of the Woelficlents.

,°,I 2

I 3 4 4 4 3 I

Complete elimination of side lobes is not necessarily the optimal condition for
obtaining maximum uniformity in the near field. Figure 4.13 lustrates how
small undulations in the &xi pressure can provide a laipr region of uniform
pressure In practice, if small but realistic limits are placed on the uniformity.
Trott retained one umall side lobe In the pattern, or small undulations in the
near.field pressure to extend the limits of his uniformrpressure volune. The ex.
tension effect applies to the transverse as well as the axial direction, Optimzring
the values of m and n, so that the nmximum plane.wave region is obtained with
the minimum sacrifice in pressure unifumrity, is the principal design problm
with the Trott array,

The sequence of nuabers describing the relatve source stcengths, as for
examnple 1, 3, 4, 4, 4, 4, 3, 1 in Fig. 4,11, is referred to as Trott's shadin fnc.
tion. It usually is normtalized to one so that te shading (uiction leon Fig. 4.11
would be given as 0.25, 0.75, 1.00, 1.00, 1.00. 1,00, 0.75, 0.25.

The design of a plne artay is obtained from the replicated lne concept by
using the product of a horizontal and a vettical line, With th Throte sading on-
ion usd as shown in Fig, 4.14, de source strength of ech element in a plane

away is proportional to the product (1(x)) t(y)j , where I(x) is dt shding Mrune.
.ion value in the hurizontal diWction and fly) is the value in the vertical ditecton.

a-
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MAX.-

-- ., UNIFOkMITY LIMITS

AXIAL POSITION-

-Fig. 4.13, Typical pressure on the axis of a circular piston that has a far-field
directivity pattern with no side lobes (solid line) and with small side lobes
(dashed line).

f( y)

0.25 0.25 0.25 0W9 0.06

0.75 - 0.75 0.75 0.5 049

1.00- 1.00 1.00 0.75 0.25

1.00 - 1.00 1.00 0.75 0.25

100 1.00 015 025 f

Fig. 4.14. One quadrwit of a plane ay in which the source strength1 of each clement is proportional to the product Vftx)J [1(y)].
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coefficient of 1.00. Experience has shown that if a uniformity criterion of
-+1 dB is used, the uniform-pressure region extends outward to the 0.80 shading
coefficient position. The width of the unshaded region is given in units of ele-
rnent spacing d by (m - n), provided that n is not too large. For n = 7, the
smallest binomial coefficient is 1/35th of the largest. For n = 10, the smallest is
1/252nd of the largest. These small coefficients make negligible contributions
to the constant shading function in the center; conseqently, the width of the
unshaded region is given by (m - n) or (m - 10), whichever is larger. It does not
necessarily follow that n never is larger than 10. The contour of the shading
function as it decreases from 1.0 to zero determines how completely the edge
diffraction, or second term in Eq. (4.10) is canceled out. Lysanovl 8 has shown
that for a straightedge, this contour is all important. The contour of the shading
function outside of the constant region in the center is a function of n alone
(see Fig. 4.11 for example), and the small peripheral binomial coefficients for
large values of n can affect the contour.

The depth of the uniform-pressure region generally is greater than the width
for any practical case of the Trott array; therefore, the region depth requirement
does not affect the design. Trott has found experimentally that the depth is
approximately r2/X, where r is as shown in Fig. 4.15.

EQUIVALENT EQUIVALENT
PISTON RINGO

too iC0 097 041 0.50 ati 0.03

Fil. 415. Elnwit Oading for ftm * 9 and m - S and cquivalent

sue psopoudm to r sa sutalth dosiy.
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It has been assumed in the concept and design theory up to this point that the
element spacing is equal to a half-wavelength. Trott determined the useful band-
width of an array, as well as the optimal values of m and n, by calculating the
sound pressure at the center of the array. It was assumed that the maximum vari-
ation in sound pressure amplitude in the near field of a circular radiator was on
the axis or in the center near the radiator. This assumption is supported by the
theory of Stenzelt 3 and Lysanov. 18 Trott used the mathematical model illus-
trated by the drawing in Fig. 4.15 as the basis for his calculation. The array was
assumed to be equivalent to a uniform piston radiator with a radius equal to the
distance from the center to the element position with a shading value of 0.50,
plus a series of concentric ring sources superimposed on this piston. The source

-. strength of the ring was selected so that, where the ring and piston overlapped,
the total source strength density was equal to the shading coefficient. For the
inner rings, this requires a negative inner ring source strength. In this computa-
tional approach, the rings are intended to cancel the edge diffraction from the
piston, as was suggested by Eq. (4.10). Trott shows that the normalized pressure
at the center for an array where n is odd, r is the piston radius, and w. is the
source strength density of the n-th rings, is

p sin kr +j(cos kd - cos kr- 4wI sin %d sin kd

-4w 2 sin kd sin 2kd - 4w3 sin Akd sin 3kd-... (4.12)

For n even, r is taken as the radius to the point half way between the elements

with the shading value 0.50 on either side, and the pressure is

p sin kr+j l -cos kr-4w sin kd sin( ,kd)

-4w2 sin Vkd sin 3( kd)

-;' -4w 3 sin kd sin S(AM)-., ,] (4,13)

S,° Figure 4.16 shows plots of p computed with Eq. (4.12) for n 5 and several
values of m. The plot is symmetrical about the idealized value d = 0.,, From

, curves as in Fig. 4.16, Trott selected optimum values of )n and ,. Figure 4.16
shows, for example, that, among the curves plotted, m = 9 gives the nmximuni
bandwidth, if a uniformity limit of ± I dl is acceptable.

A nore direct approach is possible if one has access to a large computer. The
near field of an array can be computed on a point-by-point basis for a variety of
values of m and it, This has been done. t 9 and Fig. 4.17 is typical of some of the
results. Th1e computations show that pressure amplitude uniformity within
±5% is attainable over half the width of ihi array at the low and of the frequency

_ rMge. Phas 1inreasurellents generally slow phase uniformity within is" over an
area greater than that for amplitude uniformaity.

'4

II4 . I, I l d I I I I II , [L _ l I I I II I
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0

,O0.1 0.2 0.3 0.4 0.5 0.6 0.7

__m SHADING FUNCTIONS
S 0.030.19,0.5,0.01,0.97 0.9?, 0.81, 0.5,0,19,0.03

7 0.03,0.19,0.5, 0.81,0. 7, 1,10.97,0.81,0.5,0.19,0.03
9 0.03,0.S,0.S.61,0.97,1,111,1, 0,97,0.81,0.5,0.19,0.03
II 0.03,0.19,0.5,0.81,0.97,1 1, 1, l1, 0.97, 0.81, 0 , 0.19, 0.03

Fig. 4.16. Relative sound pressure level at the center of shaded
circular-symmetry area arrays, computed from Eq. (4.14).

Trott has determirned from experience that (1) the width and height of an
array should be twice that of the transducer to be immersed in the near sound
field and calibrated, (2) the minimum number of elements is set by the 0.8X
spacing requirement at the highest frequency, (3) the minimum or cutoff shading
coefficient, below which peripheral elements can be deleted, is 0,03, and (4) the
source strength of the elements half way from the center to the edge should be
between 0.94 and 0.98, and the edge of the uniform plane-wave region varies
from the position of these elements to those of 0.80 source strength, depending
on how "uniformity" and "edge" are defined.

The sequence of steps in selecting a shading function is illustrated by the
following example. Suppose it is desired to obtain a uniform plane-wave area
12, by 12N. From the upper frequency limit criterion that the element spacing
should be d = 08, the constant-pressure region or constant-shading function
dimension is obtained: l2X/0.8, c= I Sd, The total width then will be twice the
constant-pwssurc region, or 30d. The total width also is given by m + n.
Thus

in + n 30, (4.14)

and

M - = 15. (4.15)

From these equations, m should be 22 or 23, and i > 7. These actually are rules
or tuiib, and various combinationis near these numbers should be examined as
in Figs. 4.16 u; 4.17.

* N
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The shading functions are conveniently available from tables of the partial
sums of the binomial probability distribution for r occurrences in n independent
trials when the probability in any single trial is Y.

The n in these tables corresponds to the binomial power n used in array design.
The r corresponds to the shading function term, with the largest r corresponding
to the smallest term. For example, from pages 199 and 200 of reference 20 for a
probability of 0.50, and n - 5, the five terms are given as 0.03125, 0.1875,
0.5000, 0.8125, and 0.9687. When these numbers are rounded off to two sig-
nificant figures, the results are as shown in Fig. 4.16. As noted previously, this
part of the shading function is independent of m.

Figure 4.18 shows the first near-field array designed by Trott, the USRD
* type H33-6. It consisted of 140 capped PZT-4 ceramic cylinders, each h in. in

diameter, %in. long, and 1/8 in. wall thickness. The cylinders were spaced 10 cm
apart in oil-filled tygon plastic tubes, also spaced 10 cm apart. The elements are
electrically connected in parallel, and shading is provided by series-connected
capacitors functioning as voltage dividers. The acoustical resonance frequency is
70 kHz-well above the 4-12 kHz range in which the array is used. The ceramic
elements thus function as electrical capacitors and mechanical springs. The

,* array is 112 cm square and mounted between wire screens for electrical shielding.
The four corner elements of the square were deleted. The shading is based on
m = 9 and n = 5, selected on the basis of Fig. 4.16. Figure 4.19 is a sound field
contour map of the measured relative pressure amplitude in the near field at the
center frequency, The width of the uniform pressure region is 60 to 70 cm,

''p whereas the unshaded dimensions of the array, given by (m - n), is only four
spaces or 40 cm. Part of this extended field is due to the somewhat arbitrary
definition of uniformity. The element shaded by 0.97 is within 0,5 dB of 1.00
and one would for this reason expect uniformity within ±0.5 dB to extend
beyond the unshaded element positions. The width of the region uniform within
t :1 dB extends to about the position of the 0.80 shaded element. A second reason
for the extended uniform field is the effect illustrated by Fig. 4.13-that is, the
deliberate Inclusion of small far-field pattern side lobes or small near-field
pressure undulations.

Figure 4.20 and Table 4.1 show calibration data obtained with the H33-6 array
and with conventional far-field techniques. The near-field data actually appear
more consistent and reasonable than the far-field data. Both Baker and Trott
came to have more confidence in their near-field measurements than they did in
far-field measurements.

Figure 4.21 shows Trott's second array, USRD type H33-10. It consisted of
21 vertical and parallel lines. Each line was 10 ft long with 26 elements 4YA in.
apart.

The shading was based on ?n = I 1 and n = S. Vertical shading is designed into
the elements In each line, and horizontal shading Is applied to the complete lines.
The separation between lines is adjustable, and this provides some adjustment of
the frequency range for transducers, such as a horizontal line, that are wide but

"1
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ACOUJSTIC AXIS
X

Fig. 4.19. Near sound field of the H33-6
too arr@ ay at 8 kHz.
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d ~Fig. 4.20, Direotivity patterns mecasurd on the same transdume by farfi and near.
field methods.
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Table 4. 1. Free-field voltage sensitivity (in dB re 1 V/pbar) of cylin-
drical transducer measured through beam-forming network.

Measured in Measured in
Freq. far field near field

(z) Meas. 1 Meas. 2 Meas. 1I Meas. 2

6 -120.5 -119.7 -121.1 -121.0
7 -117.1 -115.8 -116.9 -116.9
8 -112.0 -110.8 -111.8 -112.0
9 -106.9 -105.3 -106.3 -106.5

10 -101.1 -99.6 -100.6 101.1
11 -95.0 -93.2 -94.4 -95.3
12 -89.1 -87.6 -88.9 -89.7
13 -9S.7 -94.7 -97.0 -97.2 -

I N

1ig 421. Txott zwor-floldivry typo 1133.10,
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not high. The useful frequency range is 1.5 to 10 kHz. The near-field pressure is
uniform 5 ft in the vertical direction, and 4 to 14 ft in the horizontal direction,
depending on the line separation. Some design details of the elements and lines
are shown in Figs. 4.22 and 4.23. Where the shading coefficients were near to
1.00 and very large series capacitors would be needed, shading was accomplished
instead by removing part of the electrodes on the ceramic elements. (More
design detail is available in reference 17.)

Figure 4.24 shows a very large near-field array designed for calibrating large
sonar transducers at the Lake Seneca Facility of the Naval Research Laboratory.

4 ~ ~~~ ... IKMKI.V2 - 'I /1

Fig. 4.22. Construction detafls of nw4lold amy line tzansducer type H33.10.

;i,~M 01U DA. WIREI

S'

-FIt
4 Fig. 4.23. Constzuctdon details of dloait typlo 1133-40.

41
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This array, designed by Hanish 19 after the technique of Trott, contains 2500
elements in a 50 x 50 configuration, with 8-in. spacing covering an area 33 ft
square. A shading function based on m = 37 and n = 49 was used. The uniform-

* "pressure region has been measured as approximately 19 fi in diameter and 40 ft
* '. in axial depth at 3.5 kHz. The useful frequency range is I to 6 kHz.

A ' I

.I I
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Will+°P'':; " : ti

1& 4.4 Itn< tw-fe aty oslteN" "Ante, Fa+y
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" 4.6 Calibration Methodology

The DRL method requires the use of a calibrated probe hydrophone for a
direct measurement of the pressure amplitude and phase. These are inserted into
Eq. (4.4) as p(Q) in the form 1ple- 10, where 0 is the phase angle in radians. The
phase angle is measured against an arbitrary reference signal. To avoid errors
caused by instability in the electronic oscillator that generates the transducer
signal, the reference phase signal should be the input signal into the transducer.
In addition to lplelO, various dimensions and angles must be measured to obtain
,3 and r in Eq. (4.4). The value of r cannot be approximated as a constant in a
phase term like e-k. The speed of sound and the frequency must be known to
obtain the wave number k = o/c. The computation with Eq. (4.4) yields the far-
field transmitted sound pressure in absolute terms so that the source level or
transmitting response can be determined, or in relative terms so that a directivity

'".,..pattern can be drawn. (Source level is a measure of the output pressure of a sonar
projector at the distance one meter without reference to a projector input

parameter like voltage or current.)
The electroacoustic system used in the DRL method can be linear, passive, and

"* ' reciprocal. Theoretically, the scanning probe could be a calibrated projector and
/ * the unknown transducer could be the hydrophone. Equation (4.4) could be

modified to yield a free-field voltage sensitivity. This technique is not used because
of practical difficulties in obtaining and using a calibrated probe projector. In
any case, It would be easier to verify that the unknown transducer is reciprocal

, . in some other independent measurement, and then compute the free-field
voltage sensitivity from the Uansiitting current response and the sphetlcal-wave
reciprocity parameter.

The methodology for tie use of the Trott array is essentially the sane as that
for conventional measurements discussed i Sections 2.2.1 and 2.2.2. The free.
field voltage sensitivity AM. of an unknown transducer is obtained by a simple
comparison calibration. Tim Trott array Is used as a projector. The unknown
and a calibrated standard hydrophone are imniersed, in tun, in the uniform plane
progesive wave in the near field of the array. Then,

Mat ei, (4.16)

* where MM is the free-fheld voltage sensitivity of the standard, and e and ex ate
the open.circult output voltages of the sadad and lite unknown, respectively.
If the unknown transducer is lacge and the standard hydrophone Is sall, tH
should be nmited at several pW.stions in the atay near field and in tveage
used. Repetitive averaging can be avoided by establishing a near.fleld plnewive
ttanunitting current respons SA of the Trot ariry by probing she new ild
with a stnldd hydropimne of ensitivity Ms.

Vi
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(4.17)

where i4 is the input current to the array. Then, if the zrray is used as a standaxd
projector,

M . ex (4.18):_<:.: M =-iA SA

If the unknown transducer is reciprocal, its transmitting current response Sx
can be obtained by measuring M, and computing S. from the conventional
spherical-wave reciprocity relation MX/SX J 2dX/pc (see Fig. 3.70). As in

1 4 conventional reciprocity measurements, the reciprocity check discussed in
Section 2.3 can be used to determine whether the unknown transducer is
reciprocal, That is, the unknown can be driven with current i, and the array
output voltage CA moasured. Then. if e/4 li, e /iA, both transducers are
reciprocal.

If a nonreciprocal source is being calibrated, the transmitting current response
S, is obtained from Trott's Cquation17

s 0 (4.19)

The product SA.I, is equivalent to an array receiving sonsitivity that can be
* snatma tically defined as MA m SAJs. Equation- (4.19) than would becom

% l

4$ 9 (4.20)

and have the -ame fr a tq. (4.171. he auray then would bW used as A standard
hydropholle witll sensitivity M' Tioti 1topIpd short of thit step because tie
v"ebal dlinltlon of MA it iwkward and W ight ¢aue couibsion titrt thi elati.
fiction. The verbal defifiltion of MA is lic ratio of Ihm noponeitcuit output
Mlt, of the aatly to tht far4kl s-und presure, appatent at o11 mte,
" 1nialig (16111 a souice loated within flit A1 cA.V mo was.Wd eeli of tht

* array.
Foom ithe foregoing it is evtkt that aftet the Tot arry ii daesgoed and

built, $4 4 nwa uedt, Aud SAJ#ut M4 it ierpted, tIh calibvllton itelhodog-y
is t1e $11W as fO" 9iventiOnal (aM4d nwaslwcruc~sts. ihh i a twjot Advatit%

• *: ,'. of thw Tioms array lwtod.
S-- An option of tire ltott array tecl.dtsquo is aviablo f(i unknown tratnduoems

of iwgle widd-that is, pot or brmsi. IK the Tots aray is wedu red to a
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single shaded line, it will transmit uniform cylindrical waves in the near field.
The pressure in the near field will be uniform along a line parallel to the shaded
line, and will decrease at the rate 3 dB per double-distance in the direction of the
axis of the line projector. A small or "point" hydrophone or a line hydrophone
oriented parallel to the shaded line projector will be subject to uniform sound
pressure. This arrangement will discriminate against interfering reflections from
the top and bottom, if the line is vertical, more than it will against reflections
from boundaries in the sideways direction. Directivity patterns cannot be
measured with the single line projector, so the technique is limited to sensitivity
measurements on point or line hydrophones. The near-field transmitting current
response SL of the shaded line is measured by probing the near field with a cali-
brated hydrophone. Unlike SA, SL is a function of the distance from the pro-
jector, and a reference distance must be specified. Departures from the reference
distance must be accounted for by a 3-dB-per-double-distance correction. Except

% for the distance specification, Eqs. (4.16), (4.17), and (4.18) can be used, if SL
and iL are substituted for SA and iA. Point and line transducers usually are
reciprocal and their transmitting responses can be obtained from the computa-

.. ! tion S, = Ml/Js.

4.7 Applications and Limitations

The near-field method of calibrating, testing, and evaluating transducers has
various limitations. The usefulness of the method in general and the choice
between the DRL technique or Trott array in particular depends to a large extent
on the applications of the measurements and the relative importance of the limi-
tations. Research and development measurements in a laboratory, quality con-
trol measurements in a factory, and post-repair measurements in shipyards, for
example, have quite different requirements. The factors affecting the choice of
a near-field method are discussed in the paragraphs that follow.

The practice of both the DRL and Trott array methods includes certain
approximations. One, that points separated by O.BX or less approximate a con.
tinuous plane, is common to both methods. Others apply to only one of the two
"nethods.

The assumption that the pressure and pressure gradient are related by Eq.
(4.2) has been cited as the weakest link in the DRL method. It may be the
reason for some of the errors in pattern measurements at angles well off the main
beam. More important, the method itself provides no clue as to the magnitude of
any errors due to the approximation of Eq. (4.2).

The Trott array method also contains approximations like the assumption of
circular symmetry. Howe'er, the Trott array design can be tested by probing
and mapping the near fie The magnitude of errors due to approximations or
design and construction imperfections therefore can be measured. For example,
the 33-ft lines used in the array shown in Fig. 4.24 wore designed originally as

4,. three 1 l-f4 lines connected together. Even though the connecting flanges wore
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small and designed to be acoustically invisible, they perturbed the sound field.
The reason never was ascertained, but a change to single continuous 33-ft lines
removed the perturbation.

The near-field method was developed primarily to save space, and this is the
major and general advantage of the method. The need to save space arises from
two requirements. The first, discussed in Sections 3.2 and 4.1, relates to
minimizing interference from the boundaries of small bodies of water. The

* .second relates to the importance of maintaining a known relative orientation and
spacing between the projector and the hydrophone in any electroacoustic
measurement. At large and deep inland lakes or ocean sites, floating platforms
must be used to support the transducers. If full advantage of the potentially
good free-field conditions is to be realized, the transducers must be fairly far
from the surface. In practice, this usually means depths of 100 ft or more. Then,
if projector-to-hydrophone separations of 100 ft or more are used, it becomes
very difficult to maintain a fixed orientation of hydrophone with respect to pro-

- . jector. The instability of the platform and the medium and the nonrigidity of
mechanical linkages can cause significant errors in the relative positions of the

* :projector and hydrophone. These errors are minimized by suspending the pro-
jector and hydrophone together as one integrated unit. The shorter the
projector-to-hydrophone separation is, the more feasible and effective such a
suspension becomes. For this, a near-field method and arrangement then has an
obvious application.

. . Both near-field methods save considerable amounts of space. The DRL method
has a small advantage in this respect over the Trott array. The integrating surface
in the DRL method can be wrapped closely around the unknown transducer,3 whereas the Trott array is a plane surface about twice the width of the unknown
transducer. There is no theoretical reason why Trott arrays must be plane, but
this is as far as the current theory and practice have been carried,

The DRL method pays for its space.saving advantage with less configurational
flexibility,. That is, transducers of different shapes require different integrating
surfaces, if the surface is to be wrapped closely around the transducer. A Trott
array accommodates any transducer shape, The Integrating surface of the DRL
method has been likened to a raincoat; that of the Trott array method, to an
umbrella.

The near-field method is most useful for calibrating large transducers in the 1
to 10 kHz frequency range. The high-frequency limit is set by the 0.8X separa.
lion of Trott array elements or DR probe positions. Also, the art'ay elements
or DRL probe hydrophone must be small enough so that they are acoustically in.
visible (maximum dimensions of about 0.1 X). The itear.fleld technique could be

*' u'Sd at low ultrasonic frequencies. but there is little advantage at these fr-
quencies over other nethd Js.

' There is no low-frequIcy limt to the method itself. Blow I kit., however,
- i mdirectional tranucor becomv gigantic, and both the 1RL scannin nechanism

I and lhe Trott array would have to be correspondingly large. Howevor, witd

. % - ,
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224 NEAR-FIELD METHODS

wavelengths of 5 ft and longer, the probe or array element position separations be-
come large and need not be very exact. This, in turn, would allow more flexibility
in the scanning system or array design.

The DRL probe scanning arrangement probably is more easily adjusted to
different dimensions than the Trott array is, arid therefore has more flexible
frequency limitations.

The Trott array produces a direct read-out in essentially real time. It is com-
patible with conventional measurements. Once the array itself is available, no
other special equipment or personnel training is necessary.

"* The measurements and computations of the DRL method are sequential. The
output thus is not immediately available. However, the sequential technique

- provides a point-by-point examination of the sound field that is useful for
diagnostic purposes.

The DRL method is very specialized in that it is completely different from
conventional techniques and requires special procedures and personnel. Where
flexibility is important, this is a disadvantage. Where measurements and trans-
ducer configurations are repetitive, flexibility is not important, and no dis-
advantage obtains.

Scanning by the DRL probe requires more complicated mechanical engineering
than the more rotation of the unknown transducer. Such scanning presents some
mechanical engineering problems when it must be remotely controlled, as in a
closed high-pressure tank or at the end of a long suspension.

The DRL method requires initial major investments in the mechanical design
and construction of the probe scanning system, a modest amount of electronic
signal-generating and measuring equipment, and the programming and use of an
electronic computer. All are matters of relatively conventional mechanical and
electronic engineering, and computer technology.

The Trott array also requires a modest amount of conventional electronic
equipment. But this would already be available in a conventional calibration
facility. The main investment is in the design and construction of the array
itself, which Is an uncommon and sophisticated transducer engineering task.

In summary, the DRL method has the advantages of minimum space, fro.
quency range flexibility, applicability to repetitive measurements, capability for
sound field dignosis, and conventional engineering. The Trott array has the ad.
vantages of direct read.out, transducer configuration flexibility, testing of theo.
retical approximations, compatibility with conventional measurements, and
suability for remote control.

.. 4
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Chapter V

MEASUREMENT TRANSDUCERS

5.1 Introduction

To select the right transducers for a measurement, the user must know the
basic characteristics of the various available types and the advantages and
limitations of each. After the general type has been chosen, he must know

- how this particular type of transducer will operate under the conditions
that it will be subjected to. Too often a novice will attribute characteris-
tics to a transducer that are not warranted. A calibrated standard hydro-
phone, for example, cannot be compared with other cahlbrated measuring in-
struments like thermometers, clocks, voltmeters, or barometers in either accuracy
or stability. Often, the ranges of frequency, hydrostatic pressure, and tempera-

ture in which a hydrophone is used are quite large. A calibration is valid only
within specified ranges of these variables, and the sensitivity usually cannot be
extrapolated. Failure to understand the directional characteristics of transducers
also is common among novices, who often will assume that a transducer is
omnidirectional.

Measurement transducers consist of (1) standard hydrophones, (2) sound
sources or projectors, and (3) other specialized transducers.

The primary requirements of a standard are stability and linearity. The sen-
sitivity of an ideal standard hydrophone would be Independent of time, fre.
quency, and the environmental conditions-.particualarly hydrostatic pressure
and temperature. A sensitivity that is ndependint of direction or orientation
sometimes is desirable, but at other times, It Is not. In practice, a period of one
year, a frequency bandwidth of 2 decades, and stability within ±1 dB for pres-
sures to a few thousand psi and temperatures between 0 and 400C are possible.
The linearity of standard hydrophones is limited more by associated amplifiers

'' ,and transformers than by the electroacoustic generator,
The function of a projector usually Is merely to produce a useful and control-

: lable sound field in the medium. In calibration measurements, as in commercial
audio engineering, high fidelity Is desirable. Th. . is, the transmitting response
should be uniform in a wide band of frequencies. Efficiency is of secondary im-
portance. Stability over a period of one measurement-say only a few days-is
necessary.
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228 MEASUREMENT TRANSDUCERS

Special measurement transducers are those designed to meqt some special
purpose. Pressure-gradient hydrophones or dipole projectors, for example, have
patterns that are particularly useful in some measurements (see Section 2.12).

' When very high sensitivity or response is needed, it can be obtained at the ex-
pense of the wide bandwidth by using resonant transducers. High projector re-
sponse also can be obtained, if linearity is sacrificed. A very important class of
specialized transducers are those known to conform to the electroacoustic reci-
procity theorem (see Section 2.3).

Since the Fessenden oscillatorl produced continuous acoustic signals early in
this century, thousands of underwater sound transducers have been invented,
sometimes discarded, and sometimes reinvented. The widely ranging require-
ments for transducers in underwater acoustics and the development of new mate-
rials have prompted myriad designs through the years.

Practically all the measurement transducers in common use today are of the
piezoelectric crystal or ceramic, magnetostrictive, and moving-coil types. Variable-
reluctance, electrostatic, hydrostatic, mechanical and electrical motor, spark,
pneumatic, electrokinetic, and electronic transducers all have been used for gen-
erating or receiving sound in water, but rarely are they used as standards, and
they are not considered as such here.

5.2 Sensitivity and Response versus Frequency

The principal difference between measurement transducers and others used for
navigation, communication, target location, and so forth is in the response or
sensitivity-versus-frequency characteristic. Very wide band response iz of major
importance in measurement transducers, Some hydrophones have bandwidths
of as much as 4 decades! The term bandwidth does not have a precise meaning
when applied to measurement transducers, as it does in connection with filters.
It generally means the useful frequljcy range.

The useful frequency range is Uetermined by (a) the response or sensitivity
level, (b) the electrical impedance of the transducers, (c) the mechanical limita-
tions of the transducer, and (d) the contour of the response or sensitivity.versus.
frequency curve. Limitations (a) and (b) are related to each other and to the
conditions of measurement-particularly the acoustic and electrical noise levels.
Consequently, these limitations are flexible, and there are no simple rules for
minimum useful response, maximum useful impedance, and so forth. It can be
noted, however, that a free.field voltage sensitivity of -120 dB referred to one
volt per microbar is very low, and a sensitivity of -140 dB usually is too low to
be useful in conventional electroacoustic measurements.

A satisfactory response level alone does not insure the usefulness of a projec.
tor. Piezoelectric projectors in particular are limited at low frequencies by the
high electric impedance. The voltage necessary to drive a current of a few milli-
amperes through a small crystal array, for example, may be so high that arcing

*1 occurs.

!1
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In other projectors, the elastic or linear limits of the electroacoustic material
or such mechanical parts as springs may be exceeded at signal levels necessary
to produce useful pressure levels.

Limitation (d) is one that can be examined in detail. The theoretical sensi-
tivities and responses of measurement transducers generally are known functions
or frequency. That is, the general contour of the sensitivity-versus-frequency

, curve (or response) is predictable; however, the fine structure of the curve is af-
fected by spurious resonances, reflections, and diffraction effects, and by real
conditions that fail to approximate theoretical assumptions closely. Rigid
boundaries is one common example of the latter.

The analog circuits shown in Fig. 5.1 can be used to analyze hydrophone
sensitivity as a function of frequency for simple and idealized cases. Several
important simplifying assumptions are used. It is assumed that the vibrating
elements are equivalent, mechanically, to a single damped spring and mass. In
practice this means that in an array all the elements are identical, and that all
dimensions of the elements are small in comparison with a wavelength of sound
in the element material and in water. The latter is a "lumped-parameter," as
opposed to a "distributed-parameter," assumption. It is assumed also that the

* transducer is small enough so that the radiation, or water load, impedance can be
neglected-that is, the characteristics of the medium do not influence the vibra-
tory motion. At low frequencies, the radiation impedance consists of a resist-
ance and mass. Neither of these is a constant, and they cannot be combined with
the constant R and m in Fig. 5.1.

The analog circuit of a piezoelectric hydrophone is shown in Fig. 5.1a and
of a moving-coil or magnetostrictive hydrophone in Fig. 5.1b. The two circuits
are different because of the Inherent difference between the two transduction
principles.

It is evident from Fig. 5.1a that for piezoelectric hydrophones,

,.743 p tiCe¢Zm + (5.1)

At all frequencies except perhaps near resonance, w.oCe' 2Zm >> 1, and the
sensitivity is inversely proportional to Z,,. Figure 5.2a is a plot of Eq. (5.1).

). At low frequencies, where I/jwC >> (R + /oom), the sensitivity is constant. At
the resonant frequency, where / m wlIj 1wL tie sensitivity peaks. Above reso-
nance. where jwm >> (R + 1 /jtC), the sensitivity rapidly falls off with a slope
inversely proportional to the square of the frequency. About an octave above
resonance, the assumption of a lumped-parameter system no longer is valid, and
a distributed-parameter or transmission-line analysis must be used. Above reso-

I.'i nance, the curves go through a series of resonances and antiresonances, and for
this reason hydrophones are not suitable for use as standards above resonance.

From consideration of reciprocity, it can be shown that the transmitting cur-
rent response curve will have the same contour as the free-field voltage sensitivity

__J
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02
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Fig. 5.1a. Analog circuit of a small piezoelectric hydrophone;eo is the open-
ci;cuit voltage, p is the acoustic pressure, Ce is the electrical blocked capaci-
tance, C is the short-circuit compliance, m is the effective mass, R is the

I mechanical resistance, 0 is the electromechanical voltage/force conversion
factor, Zm is the mechanical Impedance, and A is the diaphragm area.

L

,,,'"Fig. S.lb. The analog circuit of a small moving-coil or magnetostrictive hydrophone; eoc
: :, is the open-circuit voltage, p is the acoustic pressure, u is the diaphragm velocity, Re is the
.. electrical resistance, L Is the blocked inductance, C s the open-circuit cmnpliance, m is the

:,.effective mass, R is the mechanical resistance, 0, is the electromechanical voltage/velocity
.... conversion factor, andA Is the diaphragm area.

t,,.,,,except that it will have a 6-dB-per-octave greater slope, or be proportional to an
.., additional power of frequency. Consequently, a typical transmitting response
, :,curve for a piezoelectric projector will look like the dashed line of Fig. 5.2a.
" It is evident also from Fig 5.1b that

e = 'A PA (5.2)

Thus, for moving-coil and magnetostrtctive hydrophones, the sensitivity e cp is
inversely proportional to the mechani cal impedance Figure 5.2b is a plot of

4
cr for a piez c p w l lk te d l o Fg 5.a
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Fig. S.2a. Piezoelectric transducer; free-field voltage sensitivity M= eodp
(solid line) and transmitting current response S (dashed line) as a function of
angular frequency.

I Zm4 1/(.)C Zm- R Zm-wm

M (dB)-------

* Dt ,
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F Fi. S.2b. Moving.coil and magnetostrictive tasducer; free-fleld voltage senstivity
M (solid tine) and tranuittin curnt respons S (dashed line) as a funtion of
angular froquency.
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Eq. (5.2). Comparing Figs. 5.2a and 5.2b shows that the curves in the latter
have an additional 6-dB-per-octave slope.

From Fig. 5.1, it can be seen that the best way to obtain a frequency-inde-
pendent sensitivity-that is, one with a flat curve-is to use a piezoelectric ele-
ment below its resonant frequency. This is one reason why wide-range hydro-
phones contain small piezoelectric generators with high resonant frequencies.

From Fig. 5.2, it would seem evident also that the best way to obtain a
frequency-independent transmitting current response would be to use a moving-
coil or magnetostrictive transducer above its resonant frequency. This is a valid
conclusion for a moving coil, but not for a magnetostrictive transducer. In these
curves, it has been assumed that the transducer elements are of dimensions small
in comparison with a wavelength in water. Thus, to obtain the flat response
characteristic, one needs a projector that is small and that resonates at low fre-
quencies. Moving-coil transducers can be built with diaphragms a few inches in
diameter and with resonant frequencies of about 100 Hz, where the wavelength
in water is 50 ft. Magnetostrictive transducers, like piezoelectric transducers,
are what Woollett 2 calls "body force" transducers, in which the electromechanical
forces are generated throughout the material. Consequently, such transducers
resonate at frequencies that are inversely proportional to the transducer size.
Despite various design innovations, it still is not possible to build resonant magne-
tostrictive transducers that are very small and also resonate at very low frequen-
cies.

At ultrasonic frequencies, piezoelectric or magnetostrictive projectors are
most feasible. Comparing piezoelectric and magnetostrictive transducer trans-
mitting current response curves below resonance in Figs. 5.2a and 5.2b shows
that the piezoelectric type is the more nearly constant with frequency. Con-
sequently, in practice, moving-coil projectors are used at audio frequencies and
piezoelectric at ultrasonic frequencies.

The electrical impedance of a piezoelectric transducer decreases, and the im-
pedance of a moving-coil or magnetostrictive transducer increases, with increas-
ing frequency, Therefore, the slope of the transmitting voltage response curve
of the piezoelectric projector will be greater than in Fig. 5.2a, and the slope of
the moving-coil or magnetostrictive curve will be less than in Fig. 5.2b. See, for

.. , example, Fig. 5.31.
Real calibration curves seldom look like the Idealized curves in Fig. 5.2. The

dashed lines In Fig. 5.3 illustrate some of the more common effects on the free-
field voltage sensitivity of a piezoelectric hydrophone. The resonant peak is
damped by the electrical, mechanical, or acoustical resistance. Spurious res-
onances may appear. At some very low frequency, the capacitive reactance of
the crystals or ceramics will become larger than the resistivity of, or the leakage
resistance around, the crystal. The time constant of the RC circuit will be
shorter than the fundamental period of the signal, and the charge on the elec.
trodes will leak off faster than the Instantaneous signal amplitude changes. This
causes a 6-dB-per-octave roll-off of the sensitivity.

:.1
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Fig. 5.3. Typical effects of resonant damping, diffraction, spurious resonances,
and leakage resistance across the piezoelectric element on hydrophone sensitivity.

Spurious resonances and various resistances can be controlled to some extent
by good design. A more complicated effect over which a designer has little
control is the diffraction, also illustrated in Fig. 5.3.

A diffraction constant D was defined in Section 2.2.3 and by Eq. (2.4) as the
ratio of the average blocked pressure pb acting on a hydrophone to the free-field
pressure pj. That is,

D (5.3)

The term "diffraction" is used in a very broad sense in the definition of D.
U It pertains to all types of wave and signal interference associated with a transducer.

This includes the conventional reflection and scattering of waves by an obstacle.
It also includes interference when there is no obstacle. For example, a trans-

*. ducer could consist of two probes, each so small as not to disturb a passing wave.
The diffraction constant for each individual probe would be one, but the diffrac-
tion constant for the combination could be anything from 0 to I because the
signals at the two probes could be out of phase with each other. The diffraction
constant is determined by the same phenomena that shape the receiving direc-
tivity pattern, and it is a function of the angle of incidence of the onconing
sound wave. As with patterns, there is a reciprocal relationship between the dif.
fraction constants for the receiving and transmitting conditions. It has been
shown 3 that for the transmitting case, D is the ratio of the pressure produced by a
transducer at a remote point in a free field to the presswue produced at te same

Iq
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point when a simple or very small spherical source with the same volume velocity
is substituted for the transducer. The relationship between D and other radia-
tion parameters is given by3

-- % -: RR041r
D2  - kpc , (5.4)

where R is the radiation resistance, Re is the directivity factor, k is the wave
number, and pc is the specific characteristic impedance of water.

The values of D fok some common but idealized transducer shapes as cal-
culated by Henriquez 4 are shown in Fig. 5.4. The value of D for other shapes

.: can be inferred from these curves. For example, the curve for a cylinder of
finite length would fall between the curves for the infinite cylinder and the ring.
For a piston of any shape in a rigid infinite plane baffle, D is 2, or +6 dB.

.10

0.i [Nt I0 ( i

• . tW (CYLINDER)

"0.20

F. 5.4. Diffuaction constants; a is the radius of rim, sphere, cylinda, or piston; plane
waveftont is puallei to long axis of cylinder or face of piston, and perpendlvala to pbuw of
rlng-; k a 2*/c. wher f is the fequency in Hz and c a the speed of sound.

The designer has relatively little control over the diffraction constant because
the directivity pattern usually is specified. Since tie diffraction cotistant and

.| directlvity pattern depend on the same interference phenomena, spe AlfyiAg one
fixes the other.
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5.3 Piezoelectric Transducers

The term piezoelectric is used for both the true single crystal like Rochelle
salt, quartz, tourmaline, ammonium dihydrogen phosphate (ADP), and lithium
sulfate, where the piezoelectric effect is inherent in the asymmetry of the natural
crystal structure, and for polarized polycrystalline ceramics where the piezoelec-
tric properties are produced in manufacture. All piezoelectric materials have
certain properties aside from stability that affect their suitability as an electro-
acoustic element in a measurement transducer. These properties include the
piezoelectric constants, dielectric constant, resistivity, and the fact that the
crystals and ceramics are anisotropic.

Two types of piezoelectric constants are used to describe the relationship of
- an electrical parameter such as charge density or electrical field and a mechanical

parameter such as stress or strain. Since the material is anisotropic, the direction
.* of the electrical and mechanical parameters are specified by subscripts.

The g1, constant is the quotient (mechanical strain)/(appLied electric charge
density) or (electric field/applied mechanical stress). The subscript i specifies the
direction normal to the electrodes, or direction of electrical field. The subscript
j specifies the direction of induced strain or applied stress.

The dil constant is the quotient (strain)/(applied electrical field) or (charge
density)/(applied stress). The subscripts have the same moaning as for the g
constants.

The subscripts 1, 2, and 3 pertain to the three mutually perpendicular direc-
tions. Subscripts 4, 5, and 6 pertain to shear motions about the 1, 2, and 3 axes,
respectively. Subscript h pertains to a hydrostatic or simultaneous 3-dinensional
stress or strain.

The S and d constants are related by the dielectric constant:

d* a f eogi, (5.5)

where eo is the dielectric constant of free space ad e is the dielectric constant
UI of the material relative to co.

The (electrical field)/(stress) definition of'g is seen to be similar to the voltage/

pressure definition of free.flld voltage sensitivity. Consequently, the $constant
is proportional to hydrophone sensitivity and seives as the most useful criterion
of ra piezoelectric material for use in measurement hydrophones.

Of particular importance is the fact that g and d constants for different dtrec.
lions can differ in both magnitude and sign (or polarity), To illustrate, the
d11 , d;, and d2 3 constants fot lithium sulfate are +1,5, +16,0, and -4.0(each
times 10-' 2CN), respectively. The signs indicate the polarity or ditection of the
induced electric field. Now, if the stress were te sante in all three directions,
the resulting electric field In the "2" direction would be proportional to the
arithnetic awn of the constants or 13.5 x 10-12 C/N. Tus, the sensitivity for a
threadlnwnxional stress would be la than for die 2 direct"i only. In this case,

-- !
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the hydrostatic modulus or d2h is only a little smaller than d22 and quite useful.
Lithium sulfate is considered a volume expander, therefore, even though the
sign of d23 is opposite to that of d2 l and d22. In other crystals like ADP, there
is a much larger cancelling effect. Because of such loss by canceliation, it is neces-
sary to shield some surfaces of some crystals from the sound pressure. This
shielding usually is provided by thin layers of an acoustically soft or "pressure.
release" material. The failure of such shielding is one cause of the variability in
hydrophone sensitivity.

Piezoelectric moduli aiA other design date are readily available in pamphlet
form from one of the principal manufacturers, the Piezoelectric Division of the
Clevite Corporation, Bedford, Ohio.

S.3.1 Piezoelectric crystals

Piezoelectric crystals have been used extensively in the past for both hydro-
phones and projectors. Although they have been largely replaced by the various
ceramics, they still axe needed where extreme stability with time is the prime
requirement.

There are many excellent books on the molecular and phenomenological
aspects of piezoelectric crystals,5-8 and no attempt will be made here to discuss
the theory in detail. It is sufficient for the designer of an experiment to know

the strengths and frailties of crystals as transducer elements.
The crystals that have been used In underwater transducers are ADP (ant.

monlum dihydrogen phosphate), lithium sulfate, Rochelle salt, quartz, and
tourmaline. Of these, lithium sulfate and ADP still are used in standard trans-
ducers. Since these two types serve to illustrate two different general methods of
crystal trnlsducer design, they ate choen for discussion. Lithium sulfate and
tourmnaline crystals in the form of disks or plates are "volunie expanders" or have
useful Sh and dN constants, and do not fequive pressutre-rlease matertoi on he
edge faces. Ai noted in Section 5.3, the sensitivity of lithlum sulfate is reduced
wily by approximately 20% when the acoustic pressure is admitted to all of te
crystal faces, On the other hand, AD, Rochelle salt, and quartz c y stal require

Mcouli slelding in lhe form) of pessir.release material (Corprene, ai -cell
rubber, paper, etc.) on wine sides. Sinte a miaerial aor naly cannot be dynami.
aculy soft and statically had, the Use of soft or livessutre-efse shielding Iliits
the niagimisude of hydroStatiC presue thi t canH be applied.

Figure 5,5 shows a typical stuck of crystals, The compu ed opc..cicuit volt-
agV sensitivity M of tihe stack Is obtained from th general relationship N ti.,
where L, bs the dinimonio between electrodes acto which the electricIl vOltage
is ntiwaured. If the electrodcs in Fig. 5.5 ote connected In paall, then I ii the
thickness of the individual crystl. If they are connected fi erdis. L it the thick.
ness of the itolk 4-Mirystal stack, The ehoice of patallel or se:ia conttc-Its
must be niide befoie the stack it astsiibled, because the polaity of the inaivid.
uoa ays ls is different for the two c=e. WIi dity are couwed i pw el,

6
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the sensitivity of the whole stack is the same as for only one of the four crystals.
The advantage of the high sensitivity of the series arrangement is offset by a much
higher impedance. That is, when the crystals are viewed as parallel plate capaci-
tors, the series arrangement has only 1/16 the capacitance, or 16 times the imped-
ance, of the parallel arrangement. In hydrophones with small piezoelectric
generators and closely associated preamplifiers, the higher impedance may increase
the hydrophone voltage coupling loss (see Section 3.6), resulting in lower end-of-
cable sensitivity, thus increasing the effective preamplifier noise (see Fig. 5.19)

%%.. and producing lower signal-to-noise ratios. Thus, there is a trade-off between
sensitivity and electrical impedance in crystal transducers. In practice, crystals
usually are connected in parallel.

The resistivity of the crystalline material itself must be high for the same
reason that the leakage resistance discussed in Section 5.2 and illustrated in Fig.
5.3 must be high. The resistivity of lithium sulfate is very high, which, combined
with its good hydrostatic pressure response, makes it a good material for hydro-
phones used at low frequencies and high hydrostatic pressures.

i ' ~lectrod ll 4+

I

- Fig. 5.5. Crystal stack assenibled for alaotrhial parollel (above) and
series (bolow) connotions.

'N".
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Very-wide-frequency-range hydrophones have very small crystal stacks to
avoid resonances and minimize diffraction effects; consequently, the electrical
impedance is high. A disadvantage of crystals is that small quantities of moisture
will shunt the crystal impedance and cause a low-frequency drop in sensitivity.
Lithium sulfate and ADP are hygroscopic and if they are exposed to much mois-
ture for any length of time, they will be irreversibly changed. Also, temperatures
above 125'C will destroy ADP, and 750C is the limit for lithium sulfate.

A preamplifier usually is an integral part of a wide-band crystal hydrophone
S.because of the high electrical impedance of the crystal. A crystal hydrophone

then consists of the basic crystal generator, a nounting, housing, acoustic window
and fluid coupling for the crystal to the window, preamplifier and case, and
cabling. The interaction of these components upon each other and the acoustic
field are factors in designing a measurement. Some of the fundamental parameters
of lithium sulfate and ADP are shown in Table 5.1.

Table 5.1. Properties of Piezoelectric Crystals and Ceramics

Relative d Constant
Piezoelectric Dielectric d Constant Resistivity

(m/VMaterial Constant (multiply by 102) (ohm-meter)(utp Eeo

lithium sulfate 10 +16.0 (d22) >1010
+ 13.5 (d2h)

ADP 15 +48.0 (d36) >108

barium titanate 1200 -58 (d31) >1010
+149 (d33)
+242 (dis)

lead zlrconate 1300 -125 to -275 (d31) >1010
titanate (several to +300 to +600 (d33)
different compo. 3400 +500 to +750 (dts)

" " silions)

Crystal projectors coisist esseitially of a mosaic of crystal elements that is
generally much larger than that in hydrophones for ite same frequency range.
The size and configuration of the mosaic are governed by the directivity and
source level requirements. The electrical series or parallel connections among the
crystals depend on lhe competing requirements of response and impedance, and
the kind of crystal used. In addition to the cesponse mid impedaitce requr meots,

"4

4o



MEASUREMENT TRANSDUCERS 239

hydrostatic pressure requirements and cost affect the choice of kind of crystal.
A large number of crystals are used in a projector mosaic and piezoelectric
crystals are expensive. A lithium sulfate disk the size of a 25-cent piece costs
$30 to $40; a similar piece of ADP costs less than $10 (1967 prices).

5.3.2 Ferroelectric ceramicsU
Ceramics that have such electrical properties as fields, polarity, and so forth,

that are analogous to the magnetic properties of ferromagnetic materials are
called ferroelectric ceramics. The ceramics came into general use for transducers
in the early 1950's and have rapidly replaced crystals in many applications.
High dielectric and piezoelectric constants, variety of shapes available, low cost,
and inherent ruggedness are reasons for the popularity of this material.

Of the several kinds of ceramic, barium titanate and lead zirconate titanate
are the most popular. Some types of lead metaniobate have characteristics that
make it peculiarly suited to broad-band, high-pressure transducers, and It is in-
corporated in some transducers of this type.

The theory of designing ferroceramic transducers is similar to that for crystal
transducers. The practice is somewhat different because (1) the dielectric con-
stant of ceramics is larger by a factor of about 100 than that of crystals and this
fact eliminates some of the problems of very high electric impedance; and (2)
ceramics can be manufactured in practically any shape, which gives the designer
considerably more flexibility than was possible with crystals, Transducers have
been made from plates, cylinders, spheres, mosaics, staves, and sections of various
geometric shapes. Cylinders and spheres are helpful not only in obtaining desired
directivity patterns, but they also act as mechanical transformers. For example,
the circumferential stress in a cylinder wall is higher than the radial pressure by
the ratio of the cylinder outside radius to the wall thickness. Some of the funda-
mental parameters of forroelectric ceranlcs are shown in Table 5,1.

The d32 and 932 constants in ceramics always are the same as the d31 and g31,
Urespectively. It is evident then from the values in Table 5.1 that the ceramics

will have low hydrostatic moduli. That is, the sum d31 + d3 + d33 will be
smaller than either d51 ord 33, Consequently, when ceramics are used in a plate
or disk configuration, acoustic shielding is necessary or at least desirable, Lead
metaniobate is an exception. It has a useful hydrostat' modulus and needs no
shielding.

The effective hydrostatic modulus becomes a matter of design in a cylindrical
shell configuration. The mechanial transformer function of the cylinder itself,
the mechanical transfonner action of end caps on the cylinder, and whether or not
the sound pressure is allowed to act in the Inner wall of the cylinder all affect.
the sensitivity.9 Properly designed capped thin-walled cylinders do provide good
sensitivity. On the other hand, with certain ratios of wall thickness to diameter,
thde effective wall thiclkuie modulus (d33) ca be oxactly equal md opposite to

4 .. 4 * * :' ., .-- -
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the effective combined circumferential (d31) and longitudinal (d32) moduli, re-
suiting in zero sensitivity. In typical cases, this ratio varies from 0.3 to 0.4.

Considerable work has been done on the characteristics of ceramics under the
various environmental conditions encountered in underwater acoustic measure-
ments. The ceramics are not as predictable as the crystals, because of variations
in composition and manufacture, but with careful control and selection, ceramic
transducers that are stable within prescribed time, temperature, and pressure
limits have been constructed.

5.4 Magnetostrictive Transducers

The possible application of magnetostriction in underwater sound transducers
probably was recognized first by G. W. Pierce and his associates at Harvard in the
1920's.

Magnetostrictive transducers were used extensively in World War II. A com-
prehensive report on the fundamentals and design of magnetostrictive transducers
of that period is contained in the National Defense Research Committee's report
on magnetostriction transducers.10 A general treatment of t'.-e subject also is
available in other literature.' 1 ,12

Magnetostrictive transducers have several drawbacks that limit their usefulness
for measurement applications. One, the contour of the calibration curves, al-
ready has been discussed in Section 5.2. Others include inherent nonlinearity,
hysteresis, and the need for a biasing magnetic field. The principal advantages are
low cleotrical impedance and good mechanical strength.

Unlike the piezoelectric effect, the magnetostriction effect is nonpolarized.
That is, the mechanical displacement is independent of the direction of the mag-
netic field in the metal. Nickel, for example, will shorten when it contains a
magnetic field regardless of the polarity of the field.

Figure 5.6 Illustrates both the inherent nonlinearity and the need for a bias
field, if frequency doubling is to be avoided.

Two types of magnetostrictive transducers remain as measurement transducers
in some places and so will be mentioned briefly. One is a thick.walled cylinder
comprised of a laminated stack of annular nickel rings and a toroldally wound
coil.13.14  This usually is referred to as a "ring stack." Remanent magnetism
piovides the magnetic bias.

The other type Is a thin-walled tube transducer developed at tele Navy Under.
water Sound Laboratory, Now London, Conn. 1O The inside of the tube contals
a permanent bar magnet and a coil of wire wound around a wood dowel.

In the inagnetostrictive tubes or cylinders, as in the piezoelectric counterparts,
the stress in the wall is increased over the sound pressure in the water by the
ratio of the tube radius to wall thickness, A disadvantage is that although the
tube theoretically Is omnidirectional in one plane, this is not easy to achieve In
practice because of the problems of housing and sealitg the iickel tube or cylin-
der, the nuignet, the coil, and so forth.

a'-. . . . ."4 " . . " . . ' '1 . . ' ' ' . .:. . . .. . .'. .. :- ' ' .. .. . . . . .. ..[i i - " " ' ' : -'
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Fig. 5.6. Magnatostrictively induced strain as a function of applied magnetic field.

The tube types have boon used on Navy ships for checking alignment of sonar
- systems. They have been replaced recently by ceramic.

5.5 Moving-Coil Transducers

The moving-coil or electrodynamic transducer for underwater use is similar
in principle to the air loudspeaker, and, like the loudspeaker, is used primarily as
a wide-band sound source. The Rice-Kelloggls method, in which the frequency
range above resonance is used to obtain high fidelity or a fiat transmitting cur-
rent response, is applicable in both media.

From the well-known equations for the transduction of energy with moving-
coil transducers, the definition of mechanical impedance, and the radiation of
sound from a small diaphragm moving with uniform velocity, we can see why the
transmitting current response Is constant above rosonanco:

444"

P DL. (5.6)

P jwuw, (5.7)

. V, .. .. (.-8)
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where i is electrical current, F is force, B is magnetic flux, L is the length of wire
that moves at right angles across the magnetic lines of force of flux density B,
w is angular frequency, m is the combined mass of coil, diaphragm, and water
load, u is the linear velocity of the coil and diaphragm, and p is the radiated sound
pressure. Combining the three equations produces

= a( ) BL i (5.9)

*" ". These equations are valid only when both the mechanical and acoustical im-
pedances are mass controlled and the diaphragm is small in comparison with a
wavelength. The mechanical impedance is mass controlled at frequencies above
the basic spring-mass resonance and below the flexure mode resonances of the
diaphragm. The acoustical or radiation impedance is predominantly a mass react-

s..'..:ance at frequencies where the diaphragm is very small in comparison with a wave-

length in water. More detail on the application of the Rice-Kellogg technique to
underwater sound transducers is given by Sims.16

Large diaphragm volume displacements are needed to radiate acoustic power
at low frequencies. With inherently stiff piezoelectric or magnetostrictive trans-
ducers, this is difficult to do without resorting to very large transducers where
large radiation area can compensate for limited small linear displacements. In a

* moving-coil transducer, the stiffness is all in the diaphragm spring suspension,
which can be made almost arbitrarily compliant. This enhances the usefulness
of the moving-coil trancducer at low frequencies, but it also makes it mechanically
fragile. Consequently, moving-coil transducers have automatic compensating
systems for equalizing the gas pressure inside the transducer with the hydrostatic
pressure on the outside. For modest depths (down to about 100 feet), a collap-
sible bag arrangement is used (see Fig. 5.37). For greater depths, a Scuba-type
mechanism can be used. Even with a properly operating compensation system,
moving-coil transducers are relatively fragile Instruments.

Moving-coil projectors are used in the audio-frequency range and typically
have transmitting current responses of about 50.60 dB referred to one microbar

usefulness, because the electrical impedance is rising and the free.field voltage
sensitivity is dropping as the frequency is increased, They generally are not used
as receivers except in reciprocity calibration measurements where they serve as
reciprocal transducers. In the latter application, the basic resonant frequency
should be avoided because the transducers sometimes are nonlinear at

.V.A

resonance.

5.6 Typical Hydiophone Designs

There is no single typical dusign for a broad-frequency-band hydrophone. Not
is there a single widely used standard hydtophone comparable to the Western

"l
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Electric type 650AA microphone. A good microphone is used only in the audio-,% frequency range. It seldom is used in a hostile environment or at other than
atmospheric pressure. A good hydrophone, on the other hand, would be usable
in the infrasonic-, audio-, and ultrasonic-frequency ranges. It would be immune
to the effects of high hydrostatic pressure, near-freezing temperatures, corrosion
and electrolysis, nibbling fish, and the less-than-delicate handling by sailors,
stevedores, and ship riggers. There are many hydrophone designs to meet a great
variety of needs in underwater acoustics.17-21 Four. representative or typical de-
signs are discussed in the sections that follow.

5.6.1 Type M1 15B and DT-99/PQM.IA

The M 1 5B, shown in Fig. 5.7, is a commercial hydrophone developed and
manufactured by Massa Division, Dynamics Corporation of America. It has

Z .been manufactured and widely used since the early 1950's for many types of re-
search, development, engineering, and calibration measurements. The electro-
acoustic generator consists of two stacks of ADP crystals, each snugly fitted in-
side a metal cylindrical sleeve. The metal sleeve and the Corprene between the
crystal and the metal constitute the acoustic shielding of the sides of the crystal
stack discussed in Section 5.3. The ends of the two crystal stacks, which are ex-
posed to the castor oil and to the sound field, form in effect a short 4-point line
hydrophone. Castor oil is used in most such hydrophones because the oil is
acoustically similar to water but also is a dielectric. The preamplifier is a cathode-
follower type that functions as an impedance-matching device rather than as an
amplifier. That is, the input impedance of a cathode follower Is high and the
output impedance is low. Thus, the high-impedance electroacoustic generator is
matched to the relatively low-impedance hydrophone cable. The voltage ampli-
fication of a cathode follower is less than one-that is, it has a loss rather than a
gain. A typical sensitivity curve and patterns are shown in Figs. 5.8 and 5.9. The
principal drawback of the M I 15B design has been that with time, or high hydro-3static pressure, or both, the castor oil leaks into the Corprene and destroys the
shielding effect. This results in lowered sensitivity at low frequencies. A newer
version designated MI I SC contains a sealed vinyl cartridge designed to overcome
this deficiency. Another version of the Ml I SB is the Navy type DT-99/PQM-IA
that is used with a Navy noise.measuring set. The DT-99/PQM-IA contains an
electroacoustic generator element larger than, but similar in design to, that in the
MISB.

5.6.2 Type H23

The 123 hydrophone was developed in 1963 by the Navy Underwater
Sound Reference Laboratory as a goneral-purpose laboratory standard.

,
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FIS. 5.7. Massa type Ml1SB8 hydrophone.
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Fig. 5.8. Typical free-field voltage sensitivity of Massa type M 15B hydrophone.

The hydrophone and typical calibration curves are shown in Figs. 5.10
through 5.12. Eight lithium sulfate crystals are used as the electroacous-
tic generator. The crystal is not shielded acoustically with Corprene or
other pressure-release material, and the hydrostatic pressure limit of
2500 psig therefore is fixed only by the mechanics of the preamplifier
housing.

The crystals float on rubber mounts to eliminate mechanical coupling to the
housing. The boot is butyl rubber because the permeability to water is an order
of magnitude lower in butyl than in other elastomers suitable for this purpose.
The coupling fluid is castor oil.

The useful frequency range of the H23 can be extended beyond
the 150-kHz frequency shown, but orientation becomes critical because
of the vertical directivity. The transistorized preamplifier provides 10 dB
gain.

5.6.3 Types LC32 and BC32

The LC32 hydrophone was developed and is manufactured by the Atlantic
Research Corporation. The hydrophone and typical calibration curves are shown
in Figs. 5.13 through 5.15. Uke the M 15B, It Is a commercial hydrophone,
and along with a preceding model, the BC32, It has been widely used for a
variety of applications for many years. The generator Is a stack of ceramic rings.
The ceramic is lead zirconate titanate in the LC32 and barium titanate in the
older BC32. The rings are bonded to a thin neoprene protective coating and no

S""coupling fluid is used. Also, there is no preamplifier, The LC32 is easy to use
and relatively inexpensive. AR a price for simplicity and low cost, it is less
sensitive than the M 11 SB and H23, and less stable with pressure and tempera.
ture. At frequencies above about 50 kilz, the LC32 can be used also as a
projector.

..
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5.6.4 Types F36, F37, and TR-205/WQM

The F36 was developed in 1965 by the Navy Underwater Sound Reference
Laboratory as a versatile, general-purpose hydrophone. It is versatile in the sense
that it is stable enough for a laboratory standard, rugged enough for shipboard
use, and it can beused also as a reciprocal transducer or projector at high audio
and low ultrasonic frequencies. The transducer and typical calibration curves are
shown in Figs. 5.16 to 5.18.

The F36 is designed to be suspended by its electrical cable. Horizontal orien-
tation is not critical because it is omnidirectional in the horizontal plane. The
generator consists of a line of lead zirconate titanate ceramic elements in the
form of glass-capped cylinders that require no pressure-release material. The
space between the cylinders and the rubber boot is filled with castor oil. The
dimensions of the cylinder and end caps, and the properties of materials are
chosen to give a broad bandwidth with constant sensitivity.

The F37 is a higher frequency version of the F36. The TR.205/WQM is a
version of the F36 used by the Navy on board ships for the specific purpose of
monitoring the performance of the ship's sonar system. In this application, the
TR-205/WQM is suspended by its cable over the side of the ship to the same
depth as the sonar transducer on the bottom of the ship. Signals then are trans-
mitted between the sonar transducer and the TR-205/WQM. These hydrophones
have hooks on the bottom for attaching a heavy weight that helps to hold the
instrument steady in ship over-the-side measurements.

5.7 Noise-Measuring Hydrophones

The special feature of the noise-measuring hydrophone is the low self noise
requirement. An informal index of the quality of a noise hydrophone has been"' the self noise per hertz in decibels referred to the noise at Knudsen sea state

zero. Sea state zero formerly was the lowest noise field that the hydrophone
would be expected to measure. With modern techniques for extracting signals
buried in noise, however, it is possible to measure signals far below the sea state
noise level.

For nonresonant piezoelectric sensitive elements, the self noise of the radia.
tion resistance, mechanical resistance, and electrical resistance is not significant
in comparison with the noise of the preamplifier. The threshold or equivalent
noise pressure then is dependent on the capacitance and sensitivity of the piezo-
electric element as related to the preamplifier noise under the input load condi.
tions presented by the element.

The inherent noise voltage of a typical transistor preamplifier is given in Fig.
5.19. This preamplifier, when used in a standard noise hydrophone, will result
in the equivalent noise pressure shown in Fig. 5.20 along with the noise in
Knudsen sea state zero.

*
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, Fig. 5.17. Typical freo-field voltage sensitivity M and transmitting current response S of
USRD typo F36 hydiophone and projector (also Navy type TR-205/WQM).
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", The DT-99/PQM- I A hydrophone (see Section 5.6. 1) is an example of a noise.
• : measuring hydrophone. The original ADP crystals have been replaced with) a

ceramic element that provides better vertical directivity and improves the long.
time stability. A later version of the hydrophone, typo DT-268, also contains a

~transistorized preamplifier.

S8 Plezoelecti c Nector Desi0n

Piezoelectric measurement projectors are design ed for operation below res.
onance in the stiffness-controlled frequency range of the piezoelectric motor ele-
menis. Usableleveis ofsound pressure can be transmittd by urrtresonat raf
projectors at frequencies above about I kHz, and by nonresonant c stal projec-

aos at frequenches above about 5 kHz. Below these frequencies, the imount of
ceramic or crystal becnmt s too great to be practical or economcal, or the driving
voltage beco s so high that arcing and theltroo breakdown -2 r, An excep.

Plion to ris is ceraic projectors enclosed in ed 1 chambers where the load
Impedance on the projecor Is primarily ne compfthea i f die chimber. The

01 pressure produced per volt t e can tans witl byqueay. Thi ro ptoon s

disussed in Sectionl 5.,.
pFor most laboratory or ta k easurem lsH, an b eyo bnrle to have dtec.
tiena iojectors to discrimite agaist realons from ie, te amoutol

Sdc nheprjboundaries. fit field e re rs otm fecionol p|r ctor are aed he-

cause orientation is less precise and contllaplo t t a lnbornto.y.
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The major projector design problems are anomalies caused by spurious reson-
ances in the housing and mounting of the elements, and flexural modes of vibra-
tion in the ceramic. At the low frequencies where the dimensions of the projec-
tor are small in comparison with a wavelength in water and the simple source
concept applies, the transmitting voltage response is a curve with the slope 12 dB
per octave. This derives from the constant displacement per volt of the stiffness-
controlled piezoelectric element. The transmitting current response curve has a
6-dB-per-octave slope. Transformers are used to modify thase slopes in some
transducers.

. The acoustic pressure produced at radial distance r from a simple source is

4f.

where U is the rms volume velocity, p is the rms sound pressure, and w is the
angular frequency; also, U= m -, where t is the linear displacement of the radiat-
ing face or diaphragm and A is the radiating area.

From the definition of the d constant in Section 5.3, t de, where e is the
applied voltage. Thus,

U A = deA, (. 11)

Then the magnitude of the pressure per volt is

P * . w2, (5.12)

4r

The transmitting current response has the sope 6 dB per octave in the low.
frequency region because the Impedance is almost entirely a capacitive reactance;

that is,

where C Is the electrical capacitance of the free eletnentt and I is the current.
4: Then, from Eqs. (5.12) and (5.13),

w~d 1_( . (S.14)
I 4w' ZwC

At high frequencies, where the transducer Is not santll in comparistn with a

wavelength, tile simple source concept does not apply, The transmftting te-
wponse then becoamdep mdenton the rantiaionpcdanco ad diecativity fator.
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Both of these parameters are in turn dependent on the transducer configuration,
and relate to the diffraction constant according to Eq. (5.4). The transmitting
response is subject to the effects shown in Fig. 5.4 in the same way that the re-
ceiving sensitivity is.

Ceramic is the preferred material for piezoelectric projectors in the high-
audio and low-ultrasonic frequency range. Ceramics have higher dielectric con-
stants or lower electrical impedances than do crystals; they also are less expen-
sive and provide more flexibility in design. The superior stability of crystals is
not as important in projectors as it is in standard hydrophones. Crystals are used
in projectors for frequencies above 100 kHz, because the vibrational modes are
predictable with good accuracy and resonances are higher than for ceramics of
equal dimensions. This is important when maximum bandwidth is required.
Also, cross-coupling between vibrational modes usually is less troublesome.

When transformers are used to step down the high electrical impedance of the
crystals, the transformer is considered an integral part of the transducer. These
transformers must transfer energy into crystals, which have a mostly reactive
electrical impedance, without distortion, over many octaves. Such trans-
formers are not commonly available and must be designed for the particular
transducer.

If a piezoelectric transducer is to be used at hydrostatic pressures above a few
hundred pounds per square inch, designers have a special problem with acoustic
shielding to prevent the sound pressure from impinging on certain parts of the
piezoelectric motor. There are three general design choices for acoustic shielding:

,' (1) Use volume expander materials like lithium sulfate or lead metaniobate to
eliminate the need for shielding. (2) Use the impedance mismatch principle
wherein very low or very high acoustic impedance baffles shield part of the pie-
zoelectric elements from the sound pressure. (3) Use cylindrical or spherical
configurations that expose only one face to the sound pressure.

Choice (1) is suitable for small hydrophone generators, but less so for projec-
tors, The high electrical and mechanical Impedance of lithium sulfate Is a dis.
advantage. L.ad metaniobate has a useabl¢ hydrostatic modulus, but It is in-

. fertor to lead zirconate titanate In most other respects.
The low-impedance option (2) is not feasible because low-impedance or

pressure.retease materials like Corprene and cellular rubber lose their air content
under high pressure. Further, such a material would need to have a built-in
high-pais filter characteristic. That is, it should have a hig static but a low
dynamic acoustic impedance. iigh.inpednce baffles can be obtained from high-
density materials such as tungsten, and they are used in sonto special cases. low.
ever, this option has the disadvantages of high volume, idgh weight, and high
cost.

Thin-walled lead tlrcooiste titanate cyhnderi waled and capped at cach end
ae commonly used for high-pressute hydrophoes (see Section 5.6,4), For
projectors, large cylinders are hecedd,but are difficult to fabricate with the degree
of nifoonttty ad synicunmy ieary to sstain h~gh differenti stress aicos the

93
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wall thickness. Barrel-stave-type construction has been used with some success.
Thick-walled cylinders approach the critical wall-thickness-to-diameter ratios that
nullify the signals as explained in Section 5.3.2. Designing end caps that will seal
the cylinder and yet allow the cylinder to vibrate radially is a further complica-
tion. Admission of the oil or other acoustic coupling mediums and the high hy-
drostatic pressure to the inside of the cylinder alleviates the mechanical stress;
however, such a design stiffens the whole cylinder and requires a low-pass acous.
tic filter between the inside and outside of the cylinder.

One solution to these several problems, particularly for omnidirectional radia-
tion, is a ceramic air-filled spherical shell that is strong enough to sustain the
external pressure. The technology of fabricating large spheres either as one piece
or as a spherical mosaic of small, flat, fitted pieces is advancing rapidly. Having
a large radiating area per unit volume, such spheres are feasible for low-audio-
frequency projectors.

Another possibility is to use the shell as a Helmholtz resonator 22 to enhance
the low-frequency response. Figure 5.21 shows the response of one such experi-
mental transducer designed by C. C. Sims.
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5.9 Typical Piezoelectric Projector Designs

Since 1945, the development in the United States of wide-range projectors
" for measurement applications has been confined largely to the Navy Underwater
- "Sound Reference Laboratory (USRL), now the Underwater Sound Reference
. .Division of the Naval Research Laboratory. During World War II, the Bell Tele-

phone Laboratories pioneered the development of moving-coil and piezoelectricg projectors using some of the technology developed in the audio engineering and
communications business. This work was done under contract to the Underwater
Sound Reference Laboratory, a Columbia University Division of War Research
activity. In 1945, all of this work was turned over to the Navy. The Brush De-
velopment Company (now part of the Clevite Corporation) was the principal
source of such piezoelectric crystals as Rochelle salt and ADP during World War
II, and also developed some wide-range crystal projectors. The projector develop-
ment essentially ceased after World War II, although the company continued as
a primary source of crystals and ceramics.

All the typical designs shown in the following sections are those developed at
the USRL. Some of these transducers have been manufactured under contract
for the USRL and are available from the manufacturer as USRL-developed, but
commercially manufactured, projectors. For the most part, these USRL projec-
tors (and USRL hydrophones) are borrowed by naval activities and contractors
from the USRL, or now the USRD of the Naval Research Laboratory, under a
formal and continuing loan program. Some 1000 measurement hydrophones and
projectors are in use throughout the Navy.

All the typical projectors shown here are relatively modern. The olderI World War 11 types hivo 'eion replaced and are described elsewhere in the
literature.23

S,9.1 Type F27

3The USRD type F27 transducer was designed as a wide-range unidirectional
4projector for underwater sound calibration measurements in the frequency range

I to 40 kilz, and tr stable operation in ihe temperature range I to 35C at
* hydrostatic pressures to 5000 psig. It can be used also as a hydrophone and as the

* reciprocal transducer in a reciprocity calibration.
S aThe piezoelectric moter consists of 55 l-ini-diameter lead netaniobato disks
0.22 to%. thick, elach of which is cuientcd to a l.n.dlaaneter, -in.-thick
tungsten backng plate. Th 55 elements are arranged li a circular array
that is apptoxmatey 9 in. in dlntett. lite design is shown In Pig, 5.22.

A lThe tungsten backing plates are mulded in butyl rubber that supports tle
individual elements and provides a water SeaL for the (ear of the transducer.
The front acoustic widow also s butyl. The tratuducer is tilled with castor

2 oil

4 .\
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BRASS MOLDED CABLE
MOUSING GLAND

LEAD METANIOBATE
CERAMIC DISCS

RUBBER ACOUSTIC BUTYL
. . OWINDOW RUBBER

:" "-' TUNGSTEN--

. , WTOR OIL-

Fis. 5.22. USRD type F27 ravwuable tiansduccz for the high.audio and low-ultxasonic range.

A typical transmitting current response is shown in Fig. 5.23. The transducer
has been tested statically to 5000 psig, but at this writing there is no way of
calibrating it acoustically at that pressure. The transducer is stable in the fro.
quency range 1 to 20 kHz at all pressures to 1000 psig and at temperatures from
3 to 250C. In the frequency range 20 to 35 kI~z, the sensitivity varies by I dB in
the saimn temperature and pressure ranges.

The directivity of the F27 Is approximately that expected from unbaffled
9.tn..diameter uniform piston radiators, except for the backward radiation shown
in Fig. 5.24. Th transducer resonates well above 40 kiz but Is not very useful
at higher frequencies because the beam pattern becomes too sharp. Also. at the

1high frequencies ay transducer consisting of a mesaic of elements rcsolvs Into
ut array of point radiitorus. and high side lobes appear in the pattent.

S.9.2 Type 130
The USRD type P30 transducet was designed as a wide.range unldirectonal

ptojector for underwater sound alibraloti n measurments Il the frequency range
10 to 150 k11. and for stable operation in the temperatule range 0 to 350C at

4 tienures to 3500 psig. Like the 1-27, it cot be used also as a hydpholudc and a
clipwlol transducer.

b4l

4+*
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Fig. 5.23. Typical tansmitting cumnt z eonse. USRD type F27 trnsucr.

The piezoelectric motor is a rectangular array 2 in. high and 1-1/2 in. wide,
consisting of twelve 1/2 x 1/2 x 1/16-in. lithium sulfate crystals cemented to
1/2-in, tungsten cubes. The array is supported by rubber pads in a steel housing
filled with castor oil. The design is shown in Fig. 5.25.

A transformer having a turns ratio 30:1 reduces the output impedance to a
nominal 100 ohms at 20 kHz. The electrical circuit of the transducer is shown
in Fig. 5.26. The resistances in the circuit serve to stabilize the impedance.

A typical transmitting current response is shown in Fig. 5.27. The response
changes less than 10,5 dB with pressures to 1000 psig. From static tests and
theoretical considerations, no greater change is expected with pressures to 3500

* psig. In the frequency range 25 to 150 kHz, the response varies less thani'O.6 dB
In the temperature range 3 to 250C.

The directivity pattern is broader in the horizontal plane th4n it is in the
vertical plane because of the rectangular shape of the array. Typical patterns are
shown In Fig. 5.28.

* , 5.9.3 Type F33

The types r-27 and F30 projectors described in the preceding sections are
sinilar in design. The major difference Is in the sizes chosn to aeccnintodte the
diffaient frequency tanges. Exceptional bandwidth can be achieved by conibin.

: Ing two iazoelectric motors into one projector. Such 2 conibhttion is the dis.
tiguishing feature of the USRO type F33 uansducer, whid contain a

. . .. .++.'-
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HIGH4 PRESSUJRE-
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Fi. 5.25. USRD type F30 ravasible tiinduce for the ultzaaic wigo.

ca~cm

Fig. S.26. Sdw&Atic dckt dhpzu type F30 tiamdia@.
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cemented to Kennametal disks. This array is approximately 1.5 in. wide and 2 in.I. high; it is useful in the frequency range S to 150 kHz.
The larger array is constructed from 64 modified barium titanate ceramic

plates I in. long by 0.75 in. wide by 0.250 i. thick. Each plate is cemented to
a steel backing embedded in butyl rubber to orm an array approximately 8
in. wide by 8.5 in. high. When the two arrays are driven simultaneously, the
transducer is useful in the frequency range I to 50 kHz. Normally, the trans-
ducer is calibrated electrically unbalanced, with the shield and the low-output
lead connected to ground.

The transducer is provided with 100 ft of vinyl-sheathed cable. The leads to
each array section are individually shielded, as shown in the circuitry of Fig. 5.30.
A I-ft length of cable provided with mating connectors serves to connect the
inner and the outer sections in parallel. The entire transducer than can be driven

-by a signal applied to pins A and B of the AN adapter. The shields are acces-
sible at pin E.

- 5i el a te a n c

Fig. 5.29. Piezoelectric eramic elomont arrays, USR, type 1F3J transducer.
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i-100-ft MCOS-6coble E (E I--ftMCOS-6 E
adopter

Outer --

.1 EZ I 1 lu

Arrays- - - - - -
Block BlackI I I i

- TWi .tiA AhWtt A

Connectors

Fig. 5.30. Schematic diagram of cable, USRD typo F33 transducer.

Pressure-release Corprene is used between the individual ceramic elements.
Both sections are sealed in transparent polyurethane; castor oil provides the
coupling medium between the polyurethane potting material and the butyl-
rubber acoustic window.

Typical transmitting current and voltage responses of both sections in parallel
and of the inner section alone are shown in Fig. 5.31. Some compromises were
made in the design to keep the cost within reasonable limits. The high pressure
limit is only 500 psig, but the response is stable to 500 psig and in the tempera-
ture range 5 to 3 0 C.

Typical directivity patterns are shown in Fig. 5.32.

5.9.4 Type E8

The USRD type E8 transducer was developed in 1950 as a calibration trans-
ducer for the frequency range 150.2000 kHz.24 It is used as a projector, hydro-
phone, and reciprocal transducer. The design and typical calibration curves are
shown in Figs. 5.33 and 5.34.

The piezoelectric element is a 2-cm-diameter lithium sulfate disk cemented to
a Corprene disk. A pulse transformer with an impedance ratio 20:1 approxi-
mately matches the impedance of the crystal to that of the coaxial cable and
attached transmitting or receiving circuit. The coupling fluid is castor oil. The
acoustic window is natural gum rubber. This rubber Is not particularly durable,

"4 but it has less attenuation at megahertz frequencies than do neoprene or butyl
rubber. The selection of fluid and elastomer materials becomes particularly im-
portant at megahertz frequencies because of attenuation. The attenuation in
small volumes of water itself becomes measurable at these frequencies.

At the high frequencies, there is little need for high pressure capability. The
maximum hydrostatic pressure for the E8 is only 50 psig. The temperature range

4 is 5 to 350 C.

-I.
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".Fig. 5.31. Typical transmitting responses at & --

1 m, USRD type F33 transducer. -
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Fig.The directivity, shown in Fig. 5.35, is very close to that of a theoretical baffled

m'" piston 2 cm in diameter. Above about 500 kHz, the beam becomes very narrow,
1l and precision rigging is required.

The millimeter wavelengths at these high frequencies present many problems
in measurement transducer design. Consider, for example, how one can build an

.'" omnidirectional hydrophone that is small in comparison with a wavelength if the
wavelength is only one millimeter! If one seeks an omnidirectional pattern in

E only one plane by resorting to a ceramic cylinder that is not small in comparison
with a wavelength, it still is necessary to fabricate the cylinder and to mount it

::' with a degree of dimensional accuracy and symmetry compatible with the milli-
' = meter wavelength. The narrow beam of the E8 at megahertz frequencies illus.

-- -- ,; trates a second problem. High transmitted power requires a large transmitting
• . area. But a large transmitting area results in extremely narrow beams. Thus,

high signal levels and even moderate beanmwidths are incompatible at millimeter
""= ff wavelengths.

,V,

i~i 5.9.5 Type G23

"'o' The USRD type G23 is typical of transducers designed as projectors for small
htigh-pressure tanlks and the infrasonic, an~d audio-frequency range below 1 kHz.

Th ietvt,.hw nFg .3,i eycoeota fateoeia afe
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140 hkl

S40. .100 hH4

Fig. 5.32. Typical directivity patterns in the horizontal plane, USRD typo F33 transdu=zo.
* Top row, both sections in parallel; bottom raw, inner section only.

_RUSBER WINDOW COAXIAL CABLE

*,.1\

LITHIUM SULFATE CRYSTAL
WTI 'MLNIQNJ IN MnCS

A Fig. 5.33. USRO type L8 transducu.
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Fig. 5.34. Typical free-field voltage sensitivity M and transmitting
current response S of USRD type E8 transducer.
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Fig. 5.35. Directivity, USRD type E8 transducer, in pianos that Include the axis.

Moving-coil transducers are not used at pressures above 1000 psi because of the
hazards of using high-pressure gas in the compensating syvtem. Also, the maxi-
mum static differential pressure on the diaphragm (±l psi) remains constant as the
static pressure increases, thus the compensating system must become increasingly
sensitive and, consequently, increasingly complicated and large.

Fortunately, the methods used for calibrating transducers at high pressures
and low frequencies involve small tanks or chambers (see Sections 2.2.3, 2.3.6,
2.3.7, and 2.5.1). The radiation load on the projector is essentially the bulk
compliance of the water in the tank. Then, the sound pressure is proportional to

#2
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the volume displacement of the projector. Where the tank is small, as with a
coupler described in Section 2.3.7, a small stack expander of piezoelectric mate-
rial like lithium sulfate or lead metaniobate can be used. For larger tanks with
volumes of several cubic feet, the amount of crystal or ceramic becomes so large
that the cost becomes prohibitive. In such cases the type G23 shown in Fig.
5.36 is used.

Oil-filled slit
Steel

Rubber window.

- iX

}, loin.

i': Magnesium

77Mj 8 disks

PZT-4 ceramic
]:1/4 In. thick

10 stocks required

6 K

Fig. 5.36. Section through USRD type G23 transducer. PZT-4 ceramic is lead
Zirconate titaate.

In the G23, ten parallel stacks of lead zirconate titanate ceramic disks drive
forward against a relatively light magnesium front plate or diaphragm, and back-
ward against a heavy steel backing plate, The hydrostatic pressure is distributed
throughout the transducer by filling all voids with silicone oil. Most of the vol-
ume displacement is provided by the magnesium front plate, and te displacement
is proportional to the voltage applied to the ceramic. The sound pressure in the
oil inside the transducer ,, be opposite in phase to the sound pressure on the
outside or in 'the tank. For this reason, the oil-filled slits at the periphery of the
front plate must have a high acoustic impedance to avoid shunting the sound pres.
sure in the tank. This same problem is discussed in connection with the type J9
in Section 5.10.

'A
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The G23 is used in a tank II in. in diameter and 5 ft long. In this tank, sound
pressures of 63 to 78 dB referred to one microbar are produced in the frequency
range 0.3 to 600 Hz when the projector is driven with a nominal 500 volts. The
low-frequency response is limited acoustically by the acoustic impedance of the
peripheral slit that functions as a low-pass filter around the front plate and elec-
trically by the problem of driving a capaciti'e load with almost a direct-current
signal.

* The G23 is used to 1000 psig, but similar designs have been built for pressures
to 10,000 psig.

510 Type J9 Moving-Coil Projector Design

Unlike the case of piezoelectric transducers, one moving-coil projector design
- concept can be used for all measurement applications where a moving-coil

transducer is d:sirable or useful. This design is exemplified by the USRD type
J9 designed by C. C. Sims.16

The USRD type J9 was developed in 1958 as a projector and reciprocal trans-
ducer for the frequency range 40 Hz to 20 kHz. The design and a typical trans.
mitting response are shown in Figs. 5.37 and 5.38.

A lightweight, but stiff, 2-1/4-in.-diameter diaphragm is supported by a rubber
suspension system that permits large linear movement of the diaphragm.

When the transducer is submerged, water enters the rear compensation chamber
and compresses the butyl rubber bag until the internal air pressure is equal to the
external water pressure. 'rhe diaphragm does not then undergo any static dis.
placement when the depth is changed. This compensation system works to an
80-ft depth. Beyond that, a Scuba-type compensation system must be used.
The compliance of the air inside the transducer is one of the factors in the fun.
damental and highly damped resonance below 200 Hz. The change in this com.
pliance with static pressure causes the response below 200 Hz to be a function
of the depth.

The peak in the response at 20 kHz is due to a flexure resonance in the dia.
phragm. At still higher frequencies, other esoaances cause wild fluctuations In
the response curve, The J9, us with all moving-coil transducers, is not very of.
ficlent-less than 1%. The maxinum input powe Is 20 W at frequencies above
200 Hz. The USRD type J 11 is a larger version of the J9 with a 4-in.-diameter
diaphragm and a narrower bandwidth. The J 11 is a few dB more sensitive, but,
more important, it can accept 200 W of power. It is feasible also to use either
the J9 or J 11 in clusters of 2 or more units to obtain higher level signals.

The J9 is omnidirectional at low and mid-audio frequencies. At the high
audio frequencies, it has a very wide beamwidth typical of a 2-in.-diameter piston.

Prior to the development of the J9, all moving-coil transducers for use in water
were designed with one seemingly unavoidable defect: The spring suspension
at the periphery of the diaphragm had to have large mechanical compliance to
permit large diaphragm displacement. Ordinarily this meant that the acoustic

.
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Fig. S.37. Assembly drawing. USRD type J9 transducer; 1, rubber seats, 2, rubber O-rlngs;
3, cable gland; 4, magnot; 5, lead-, 6, rubber Jacket; 7, grille; 8, slit filled with silicone oil:,
9,msgneslum diaphragm; 10, diaphragm housing; 11, front pole piece; 12, coil; 13, back polo

p~c~14, compensating air chamber; IS, rubber compensating bag. Over-all length, I1I In..
dIameter, 4-1/2 in.

70

Ftqunc Ini~

Fig. S.6 ypicai transmitting curan, response of USRD type J9 transducer. Re-
sponse below 0,2 k~lz Is a function of depth.
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impedance of the transducer also was low at the diaphragm periphery as viewed
from the water. Under such conditions, the sound pressure generated in front
of the diaphragm was shunted, or could not be sustained, by the low acoustic
impedance at the periphery. In the J9, the shunt is avoided by the dual rubber
suspension on the front and back of the diaphragm and the silicone-oil-filled
slit between the two rubber suspensions.

5.11 Reciprocal Transducers

The theoretical requirements for a reciprocal transducer are given in Section
2.3. In practice, any ordinary piezoelectric or moving.coil transducer probdbly
is reciprocal if it is reversible, passive, and used with sigual levels in the linear
range. For a transducer to be reversible, it usually is sufficient that it have no pre.
.mplifier or other nonreversible electrical circuit. The passive requirement elimi-
nates transducers that require any kind of bias current or voltage.

The linearity requirement limits signal levels to a restricted range of values,
That is, the transducer should not be over.driven. This is particularly true of
moving-coil transducers at and near resonance.

Methods for testing for reciprocity are explained in Section 2.3.
All of the projec ors described in Sections 5.9 and 5.10 are used both as pro-

jectors and r( iprocal transducers.

5.12 Doublet Transducers

Doublet transducer is a general term for velocity and pressure-gradient hydro.
phones and doublet or dipole projectors. This type of transducer functions as
two, small, closely spaced transducers operating 1800 out of phase. In practice,
the two transducers usually are the opposite sides or ends of a single element
oscillating in a translational mode. Doublet transducers find more use in air (in
the ribbon microphone, for example25 ) than they do in water. One reason for

_ this is the shorter wavelengths, larger pressure gradients, and larger particle velo-
cities in air,

The distinguishing and most useful feature of a doublet is its directivity pat.
*- . tern. If the two transducers are both very small in comparison with a wavelength

in water and are separated by a distance also small in comparison with a wave-
length, then the doublet has a figure-eight or cosine directivity pattern. 26 That

{ is, the pressure at an angle 0 is proportional to cos 0 as shown in Fig, 5.39, The
pattern is essentially independent of frequency in the range where the initial
assumptions about the dimensions are valid. Some theoretical discussions refer to
pressure.gradient hydrophones of n orders when the directivity pattern is given
by the funvtion cos" 0. Titus, a pressure.gradient hydrophone of the zero order
is omnidirectional. In practice, the term pressure-gradient imeans first-order
pressure-gradient unless otherwise defined.
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Fig. S.39. Theoretical model of a doublet transducer as two out.of.pha
point sources separated by a distance Ax, with a directivity pattern as a
function of cos 0.

The use of a doublet transducer is the only practical method of obtaining even
a modest degree of narrow.beam directivity at low and mid-audio freq'jencjs
without resorting to very large transducers.

The terms velocity and pressure.gradient hydrophones usually are used inter.
changeably; however, there are dit'.nctions that can be made between the two
types. These distinctions relate to the predicted calibration curve and are thereby

-- helpful to those who use or calibrate such hydrophones.
Most velocity and pressuro.gradient hydrophones consist of some type of ele,

ment that vibrates under the Influence of the pressure gradient or in the manner
.,-., of the particle velocity in the water medium.

The relationship among the pressuie, particle velocity, and pressrre gradient in
-a plane proressive wave is given by

--zp - pcu, (5.15)

•Wpu PO (5.16)

where p is the rms pressure, u is the rms particle velocity, p, is the "nstantaneous

44 .pressure, Opl/ax is the pressure gradient at point x and in the direction of the x
coordinate, w is the angular frequency, p is the density, and c Is the speed of
sound.

From these equations, it is evident that, given a constant pressure p as a ibunc.
tion of frequency w, the particle velocity u also will be constant, but the pressure
gradient Opilax will be proportional to the frequency. It should be noted also

.4* from Eq. (5.16) that de valocity and pressu e gradient are 90 out of phase.
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Thus, if we define a velocity hydrophone as one wherein the voltage output of the
hydrophone is proportional to u, the free-field voltage sensitivity of a velocity
hydrophone will be constant or the frequency calibration curve will be flat. On
the other hand, if a pressure-gradient hydrophone is defined as one where the
voltage output is proportional to the pressure gradient, the free-field voltage
sensitivity of such a hydrophone will be proportional to frequency, or the fre-a quency calibration curve will have a 6-dB-per-octave slope.

Since the slope of a hydrophone's sensitivity curve depends on both the trans-
duct ion principle used and on the mechanical impedance of the vib rating element,
the same hydrophione usually will be a pressure-gradient hydrophone below, and
a velocity hydrophone above, the resonant frequency. The definitions then de-
scribe, not the hydrophone design, but dhe idealized sensitivity-versus-frequency
curve. In practice, the same hydrophone seldom is used at frequencies both below

- and above the resonant frequency. Consequently, the terminology usually is un-
ambiguous and helpful.

The velocity of the vibrating element and the pressure gradient driving it are
not necessarily tile same as the particle velocity and pressure gradient in the plane
progressive wave. A major design objective is somehow acoustically to amplify
the wave velocity or pressure gradient so as to increase the hydrophone sensitivity
at off-resonance frequencies.

Velocity and pressure-gradient hydrophones are calibrated in terms of thle
plane-wave sound pressure just as are pressure hydrophones. When in sonie specia
cases the plane-wave velocity is used as a reference, thle calibration curve Is ad-
justed by adding 20 log pic or 103.5 dBi.

5.12.1 Velcty hydrephous
A typical wide-range velocity hydrophione operates onl lte electric gonctatoi

transduction principle in which a voltage e is generated whien a wire (usually a
coil) of toength L cuts a minactic ficid of flux density A with a velocity ue accord.

U ills to tie equation.

One type, is imlilar to that of a Wioving-coil transducer except that tile sound
P'ressutc ticts on opposite sides or ends of the coil so that lte drivingo pressure is
thle histanltanecous pressuee difference API. Thle inessure difference. is lte pressure
gradient it, the sound flold niultiplied by thle acoustic path thffereitco Ax botween
(fie two sides or ends of t coil oxposed to t sound fleld, wid by cos 0 as shlownl
inl Fig. 5.39. Thus,

Ap xcs6 (5.16)

'aa
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Substituting Eq. (5.16) into (5.18) produces

=p os0 (5.19)

The effective path difference Ax has been found experimentally to approximate
closely thc' physical dimension around whatever baffle surrounds the coil.

The quotient Apdu, depends on the specific acoustic impedance of the coil
and its suspension. The compliance of the coil suspension is made very high so
that the~ coil mass and suspension compliance resonate below Zhe frequency
range of interest-SO to 100 Hz, for example. Then the impedance is essentially
the cogl and water-load mass reactance jom, and

P, W= L , (5.20)
U, S,

where S. is the area of the coil facing the sound pressure.
* Combining Eqs. (5. 17), (5.19), and (5.20) gives the free-field voltage sensitivity

je BLSeAxCos0(.1

Equation (5.21) shows that the sensitivity is independent of frequency and pro-
portional to Cos 0,

The flist velocity hydropitone of tis type probably was the Bell Telephone
Laboratory (BiT) type I A designed about 1942 for tile Underwater Sound Met-

onc Laotaory23 tscog ill ndagnet arrangement aire shown in Fig. 5.40, Tile
ni~il ws sspededfrot alighit ftrme and assumed to berelatively imotion'

less, A typical calibration curve Is shown in FIS. 5A41. As witlh other transducers,
spurious %lbratiorts M~son the curve, Thle type IA has a very low scessltivity.
Some 11101 recet designts baued on the n sscontrole nongolprnie
have Igheer sensitivities lIn tie -1 10 to -l20 dO range, Pigurt 5.42 shows another
coil mnd itagnetic field arrangement by 1). 8i. Bauer at CBS Labotaluiss 17

ah sud toy% depicted by amows in both Fg.54 n .2aenta
accurate representation of lte sound field around lte hydtophwwe but they do
Illustrate Ill a genleral way thle extra acoutlic path Axr.

Figure 5A43 show,% a still difftent arrangemnent by W~he, el at, at the Nivil
O(rnance Laboratory (NOL)R lit lte NOL hydtophote. lte srpherical diell and
magniet vibrate while tile coil It field stationlaty by tile inlettia of tile internal mass
that Is approxittately 3 tiwi es towas of the displaced water. The mulss of tile
shtell plus ltme oisgnet 6iltdsigned to be the sonme as thle mass of the dit.
placed water, Then the dyinmic density of' lte hydrophunu is lte "lite as that

0 ~of wat, and the velocity of the sphate is the suie as the pianc-wavo pa"cl
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The resonant frequency of the internal mass and its suspension is put below
the useful frequency range so that the impedance is mass controlled and the
assumption of coil immobility due to inertia is valid.

5.12.2 Pressure-gradient hydrophones

A hydrophone developed by G. L. Boyer at the Navy David Taylor Model
Basin (DTMB)29 is shown in Fig. 5.44. The DTMB hydrophone is similar in de-

U gsign to the NOL velocity hydrophone shown in Fig. 5.43. Both have an average
density the same as water so that they move with the same particle velocity as
the displaced water, or, more strictly speaking, the average particle velocity over
the 3-in. length of the hydrophone. Both have an internal mass in their electro-
mechanical sensor and are typical of accelerometer designs. However, the DTMB
hydrophone senses the vibration with a ceramic piezoelectr'c disk sandwiched

S- between the outer housing and the internal mass. As a result of this feature, the
free-field voltage sensitivity of the DTMB hydrophone is proportional to the pres-

" :sure gradient rather than to the velocity.
The internal mass m is not stationary. It exerts an inertial force F on the

ceramic disk which acts as a spring. The force F is given by

F = mk)= meu, (5.23)

whore u is the velocity of the mass.

U

"* . |~ltl lJ

- a-

L-i ttrIe

Fig. S.4. Stunp~ikd d*.&wiP4 at 1Y1WO pswo-psk, hydsophw.
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The ceramic is a very stiff spring of negligible mass, and the resonant fre-
quency of the spring-mass is above the frequency range of interest. Then the
internal mass, outer housing, and plane-wave particle velocities are all approxi.
mately the same. The voltage output e of the piezoelectric disk is given by

_e 
=' Et

e g (5.24)

where g is the piezoelectric modulus, t is the ceramic disk thickness, and S is the
disk area. From Eqs. (5.16), (5.23), and (5.24),

:: gtm
e V-e .ax (5.25)

Thus, the output voltage is proportional to the pressure gradient, or, using Eqs.
(5.15), (5.16), and (5.25), we obtain

l= ( )(5.26)

and the free-field voltage sensitivity is proportional to the frequency W. The
sensitivity of the DTMB hydrophone is shown in Fig. 5.45.

FLEXURE
,-0 RESONANCE

-0

0'-10. - Fig. 5.45. Free4eld voltap send.
airily, DTMB and USRL pren e-

US L padlent hydophow

0 REN50
, ,'GI 4 10

UUZQ9 NOY IN tHe

Another type of pre.ssue.gradient hydrophone developed by C. C. Sbm at the
Navy Underwater Sound Reference Laboratory (USRL) Is shown in Fig. 5.46. A
thin load zitconate titanate disk is cemented to a beryllium copper diaphragm
surrounded by a tungsten collar. The difference in pressure on dte two sides of
the ditphragn drives the disk and diaphragm in a flexure or bending mode. The
copper mnd cerunic &re of the same thickness ad together they form a bilaminar
element. The ceramic disk diameter thesefue is tretched on one half of the
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vibration cycle and compressed on the other half. The tungsten collar serves to
hold the diaphragm edge immobile and provides a baffle to enlarge Ax.

SOUND I - - silicone rubW,

FIELDCeramic element

copper Tnse

Fig. 5.46. USRL pronselptdint hydzophono.

In lte frequency range below the flexure resonance where the impedance of
the bilaninar element is stiffness controlled. the voltage output of the piezo.
electric disk is proportional to the bonding pressure. Thto bondin pressure Ap
is given by

AP X . (5.27)

SThits, the voltage Is proportionial to lte pressure gradient over thea distance 6X,
Tite ftee-flold voltage sensitivity of tlia USRL hydrophone is shown lit Fig. 5.45,

* and I typical directivity pattern lit Fig. 5.47.
The pattern is typical of doublet transducers. A decibel scale is used, At

160 the sonsitivity Is 6 dli below that at 0', as would be expectod front cot W
Although less sensitive than lte NOL type. the USRL design has lte advantag,

of being smnall and requiring no fragile sitring suspensions of any kind. Tito 11T
slid NOL typos have spring suspensiwis onf both lte coil and ow-gnet. Thea CBS
typeo his a coil suspension, and thle DMh1I type, a housing suspension, All these
suspensions nmui be catoeibly designed so that vibration is allowed In only Otte
trAnslatlonal flo-Ae. Vibrations InI lte othert two tanslatioluil ilodes anld ally
totamy mootion, is &A source of error. The0 compliance of lite magnet or hiousing
suitpittsion lin the OUT, DMIOI and NOL types means thit these hydrophwaes
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0&

Fig. S.47. Typlcal directivity in 1W boulzonWl pha at 4.0 M~a USRL pmaawe.
padlii' ydiophomw

cannot be tipped or used to sense other than horizontal velocities or pressure
gradienms Thto CBS and USRL hydrophones can be used in any orientation. Tito

.4 BTL hydrophone could have been designed without the compliant magnet s.
pension. the purpose of which was to I ote magnet from nmhaica vibra-
tion of the rigging.

The theotical miodel of a doublet transducer shown in Fig. 5.39 as two
closely spaced identical point transducers 1800 out of phase can be physically
approximated with two probe hydrtophwies aketticay connected out of Pha.
This design, shown schemtatically in Fig. SAB is, of course. a pressurelgradlent
type. The electrical output is proportional to die phasor difference between the
sound pressures at the two probes. This type roquires that the two probes be

* elocitocoustlcaliy Identical. a difliult requirement to achieve in practice over a
wide frequency range. It is emsie to build a ineemethydrophone and, for
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1. 4.0- An+

Sound

field
Probe hpftl0M"S

/ Fig. 5.48. Two-Npesswo-piobo presslure-gadlent hyd o-
phone.

this reason, the iwo.probe design has not found much use for wide-frequency-
range applications.

512.3 Doublet projecton

Doublet projectors are inherently low-response transducers because they have
built-in pressure cancellation. That is, at one instant a positive pressure is being
generated at one end while a negative pressure Is being generated at the same in.
stant at the nearby other end. Nevertheless, where the need for the cosine
directivity pattern outweighs the low raesponse, they are used.

The NOL hydrophone in Fig. 5.43 has a relatively large area that serves as a
diaplagnm, and It could be used as a projector, It also has the low electrical
inmpedance that is necessary for a projector, The DTMB hydrophone has the
large atea, but the electrical impedance would be too high.

The projector counterpatt of the two-probe pressure-gradient hydrophone
also can be used, Two USRL type J9 transducers (see Section S.10) set side by
sde and electrically connected out of phase have been used as a quasi.doublet
projector to obtain discrimination agalnst surface and bottom reflections in 2
shallow ake. 30 Two W9's are much too largo to be a doublet transducer except
at the low audio frequencies-, however, they provide a useful apploxi matiwo to a
doublet projector up to several kiloheut.

'4
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Chapter VI

MEASUREMENTS ON AUXILIARY MATERIALS

6.1 Introduction

Acoustic windows and domes, baffles, reflectors, anechoic coatings, and
bulk sound absorbers are important in the functioning, application, and testing of
underwater electroacoustic transducers. The techniques and facilities for evaluat.
ing these auxiliary materials are very similar to those used in transducer calibra-
tion measurements. Because of this intimate relationship, a chapter on measure-
ments to evaluate such materials is included in this book even though these
measurements are acoustic rather than electroacoustic.

The word "material" is used to mean any one of or any combination of
windows, reflectors, baffles, anechoic coatings, and bulk absorbing materials. In
most of the measurements, however, we evaluate not the material itself but a
particular sample whose dimensions, configuration. and means of support all

..*-. influence the result. Sometimes, the particular sample Is a complete hardware
item-a sonar dome or transducer window, for example, At other times, it is a
partly complete hardware item, like a section of an anechoic coating. As we
shall see, only in the evaluation of "bulk absoibing materials," among the five
types of material evaluations, Is the result Independent of the particular sample

* dimension or configuration, and even here "bulk abmorption" must be carefully
defined (see Section 6,S).

Windows, reflectors, baffles, and anechoic coatings constitute a complete
set of materials insofar as their function is concerned. Ideal specimens of the four
materials will, respectively, (I) transmit 100 .(2) reflect 100%, (3) transmit 0%,
arid (4) reflect 0% of the sound incident on them. Ealch of these four materials
can be evaluated by measuring the percentage of sound transmitted through and rd.
flected front the owterlal when a sanple isi mersed in water. These two measured
chactr istics, called the "lWlsion loss" and "echo reduction," me deftned by

t'l 0l Incident sound pressure
TInsertion lousd p20slog

W.ito fetlucuI ~20t Incident sound pressure
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Plane-wave propagation is assumed in both definitions. As defined, both charac-
teristics are expressed in positive decibel units. These terms are preferred oyer
similar terms such as transmission loss and reflection loss, because they are less
ambiguous, they conflict less with terms used in architectural acoustics and elec-
trical engineering, and the names relate directly to the measurement technique.

In some measurements, "absorption loss" is computed from the insertion
loss and echo reduction by assigning all missing sound energy to absorption. This
is not a good procedure if the material is not an absorber, which usually is true
of windows, reflectors, and baffles, because in practice more sound energy may
be scattered, diffracted, or refracted than is absorbed.

The measurement of insertion loss and echo reduction is very simple in
theory, but can be very difficult in practice.

Evaluation measurements of a bulk absorbing material are complex in both
* theory and practice. The significant characteristics of a bulk absorber are the

attenuation constant a and the complex wave number k, which are the real and
*.!-i imaginary parts of the complex propagation constant a where t a +/k. These

terms are defined and discussed in Section 6.4.
In most respects, the evaluation measurement theory of acoustic materials

is analogous to the same theory for evaluating electrical resistors, capacitors, in.
ductors, and cables.

6.2 Insertion Los

Inseftati loss is lt reduction in the signal, in dodbels, caused by ilnsrting
the material between the sound source and the receiver with diffraction and re.
fraction effects absent, The insertion loss of tlhe material Is due to te combina-
tion of sound reflected from the material and sound absorbed in the material.
it any practical window material aid in most baffles, however, ite absorption is
negligible.

The measurements are of two general types. In the ctiul stages of develop.
ing a sonar dome, a transducer rubber boot, a soundproof housing, and so forth,
the best material usually is selected on the basis of teasurem ents made on

- - mnples in the form of plane sheets, The sample is large enough for the insertion
loss to be essentially Independent of the lateral dimensions, though still depen.
dent on tihe thickness. That Is, the sample is intended to simnulate an infinitely
lung and wide sample.

-"6:1 In the scond type of mneasuemont, the tateral Is of the size and configura.
.ion 'n which it will be used, In the case of a sonar dome, the material is In its
streanilited shape, complete with structural reinforcennt, [toles, flaiges, aid so
forthh. In he second type of ineasurement, the conditions under whhlt tite hiser.
tion loss is tnesurd should be t i saite as the conditions of actual use. For
eatple, nearenteno on a sonar dome should h made with tie actual sonar

*1 transducer inside the dome. Tie hsrtion Is than depends olt the shape, size,
and unouting of the dunti, the sonar transi ute, aid added haidwase such as

It
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reinforcing structure and the flange needed to attach the dome to a ship. Ideally,
-I the ship hull also shouid be in place, but this usually is impractical.

Data obtained from measurements on a sheet are subject to theoretical
analysis and prediction. The results of hardware measurements usually are not.

6.2.1 Theoretical insertion loss

When plane waves impinge normally on a plate of a homogeneous non-
absorbing material of uniform thickness, and water is on both sides of the plate,
the theoretical insertion loss is given by

Insertion loss = 10lu1  (sin kx) + 1]. (6.1)

where m is the ratio of the characteristic impedance pc of the material to the
characteristic impedance of water (pA,. : 1,5 x 106 rayls),k is the wave number,
and x is the thicknes of the plate. Figure 6.1 shows insertion loss curves for
steel and cork plotted from Eq, (6.1) and using m = 26 and c = 5,000 m/soc for
steel and m = 1/12 and c = 500 m/sec for cork. Equation (6.1) remains un-W changed if i/r1 is substituted for m. Physically, this means a high-impedance
material such as tin (m = 12) can have the same insertion loss as a low.impdance
material such as cork (in - 1/12), where m for one mateial Is the tecipwoa of
iM for the other material, and kx is the same in each case.

1

/ /

IAWAeae+ tg/a" /

k..

; :'.. . .l.

vo *4
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The insertion loss becomes ;ero whenever /x = 0, ir, 21r, 3ir, etc. Thus,
any nonabsorbing material is tranparent when the thickness is near a multiple
of a half wavelength. "The insertion loss also is zero when a perfect impedance
match exists, or when in = I. The maximum insertion loss occurs when kx
7r/2, 31r/2, 5ni/2, etc., or when the thickness is an odd multiple of a quarter
wavelentli.

It is well known that a layer of air is a very good baffle for underwater sound
because ni = 1/3600. A layer of air in the form of an independent baffle, how-
ever, is very difficult to achieve in practice. One approach is to use an air sand.
wich; that is, two sheets of metal or other stiff material, sealed at the edges, with
air between. There are two practical problems with air sandwiches. They must

. either be pressure compensated or have supports between the plates to prevent
the hydrostatic pressure from bending or even collapsing the metal plates. Second,
the plates must be rigidly joined at the edges, Any supports and rigid edge joints
act as acoustic short circuits; that is, the sound vibration will be transmitted
through these rigid parts, bypassing the air layer. If the supports are closely
spaced. as in a honeycomb, the sandwich acutally becomes a good acoustic win-
dow. When an air sandwich is evaluated as a baffle, therefore, it is necessary to
qualify the measured insertion loss as applying only to the particular sample
tested, Another baffle with the sante ntetal'alr-nietal tlickness dimension but
diftreur lateral dImnsilons, inteinal supports, or edges could have a different
itusrtMio loss,

A second appsaeach to air baffles is to assume that cofk, or a cork-fteoprene
iXtufre c alled Corpren1e. is esse41tiatly Whe 1same as air, avoustically. Prom the

values of ot u 1112 fur cork an) m - 113(.K) for air, it can be d that this may
0 noL bt a vry, good assumption. i fract, cok has a better i nptdaie latch with

water tlaa dovs steel (t g 26), The t.w speed of sound in cork is an advantage,
Itowevtr a wavtelenth i cr4 is tn.'y oneCtenlh a.t long a% s W wVIelesih in steel,
Ad cotquently a cork batfle ca be miuh thiwtr dilmt an equivalent steel

,'., . ... ." #.2 easuremnt of inanirni ls.n-

'/ • " '•l~~hotwnitl 104% ttttatiiiiitiit tt a srat~eI:E.Iwar~d pmiccdnic. A ptul~etrttlto'

iydropho..e sigionl. is ltealurld ofoe ant ter the lirtiii f it tl l iwr
-betwai te wo 1ilisrnducr s d dih difwc tii' lloted Although putkd Ound

asidek lbed in seaoi 3• i prewfered. acw a cohttnu'A kW11vQ) *euied b Ulcd,

1ad 1 W OU da1111.. at Vt, ht f(VhUli6Ci,, lniicrfernltnc Iiuwj b ,

.,w ftont tie surfce Ald bowutm and (toot tlgi g, au d1iffrfoet tlk* #ound
D ould the 1 tatle ate V40C4.t s O t c . Vsc enr ~ int byduced h itir-

fo ao i loisitredO b y ing tle isttuePrltketu U iuydfphmnahut
, . - ...... ; wIIcltuit4 ae kutiifveu by Ksti1W itatitwiks a IiQ teila ii.
andI wflstio ~aftt wwsbi W0h 6 teaUI tevfltnne 2wnisaMd')'i " ";: ' " . aitd a k i aily k i nlilim fl.l J ll ukiff e.¢ 1he o.t u moil oi n urm 14Wilnt¢t l out.. .
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if the sample is perfectly opaque, the intensity at the hydrophone position is the
same as if the sample were not there! This corresponds to the bright spot behind
a circular opaque obstacle that is well known in optics.

The intensity of the diffraction around the edge is proportional to the impe-
dance mismatch between the sample material and water. Thus, the diffracted
signal intensity is lower in measurements on window materials than on baffles.
Moreover, since the signal level transmitted through a window is higher than that
through a baffle, the ratio of diffracted signal level to transmitted signal level is
much higher in baffle measurements than in window measurements. Window in-

-. sertion-loss measurements have been made on samples as small as two wave-
lengths square. The insertion loss as a function of angle of incidence is measured
by rotating the sample in its position between the projector and the hydrophone.
Since the effective width, or width normal to the imaginary line joining the pro-
jector and hydrophone, becomes smaller as the sample begins to rotate, the dif-
fraction becomes worse. Measurements at grazing angles, or angles of incidence
near 900, become difficult unless the sample is very large. Angles of incidence
other than normal also give rise to shear and transverse waves in the sample. Then,
measurements on small samples involve very complicated wave phenomena and
are not very useful; measurements on the finished hardware item become very
important.

6.3 Echo Reduction

Echo reduction is the impo, tant parameter of reflectors and anechoic coat-
ings. It is a measure of how much the incident sound pressure level is reduced
after reflection.

Echo reduction depends on the acoustical impedance mismatch at the reflect.
ing boundary. The boundary acoustical impedance in turn depends on the mate.
rial itself, its thickness, and usually on how the material is "backed up,"

As with insertion loss, there are two general types of echo reduction measure.
ments-thow on sample sheets, and those on complete hardware items.

Anechoic coatings, unlike windows, baffles, and reflectors, sometimes are not
made of a homogeneous material, Windows, baffles, or reflectors require only a
good acoustical impedance match or mismatch with water. An anechoic coating
has a more complicated function: It should make an otherwise good reflector
appear to be acoustically transparent, First, the coating must have a good ir.
pedance match with the water so the sound energy will not be reflected. Second,

.. after entering, the coating, the sound energy must be absorbed, otherwise the
sound will be reflected at some subsequent boundary such as the wall or ship
hull to which the coating is attached. Thus, both the echo reduction and the
insertion loss should be high.

It is difficult to make thin homogeneous anechoic coatings with absorbing
characteristics that are independent of frequency, Anechoic coatings usually
consist of a layer of rubber or rubber.like material mixed with either low.acoustic.
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* - impedance air voids or high-acoustic-impedance metal particles. The intent*is to cause shear motions in the rubber rather than simple compression and
-. elongation. The backing material is an integral part of the coating; for example,

the thickness of the steel plate to which a coating usually is attached and the
medium (air or water) behind the steel affect the anechoic characteristics. Be-
cause the coating is heterogeneous, it may be and usually is resonant. This results
in large vibration amplitudes and large echo reduction in a narrow band of

SI'frequencies.
Reflectors are made simply of either a material having a very low acoustical

impedance (cork, Corprene, or an air sandwich) or a very high acoustical ir-
pedance (steel, nickel, tungsten). In some special cases, various types of tuned
or resonant spring-mass systems or quarter-wave stubs have been used to obtain
high-impedance boundaries. Such devices are feasible only for a narrow band of
frequencies.

.. If the angle of incidence is the variable, echo reduction needs further
definition-specifying the reflection angle. Sometimes, specular reflection is of
priniary interest (a material for a tri-plane target simulator or an acoustic mirror);
at other times, most of the sound may be reflected, but not necessarily as a
specular reflection (a nonplanar surface).. This ambiguity is present in all reflec-
tion measurements; consequently, the intended use of the material must be
known and the appropriate kind of reflection must be measured. The terms
"monostatic" and "bistatic" are used in this connection. Monostatic pertains to

"' a measurement at one point; that is, the source and receiver are at the same point,
or the angle of incidence and reflection are the same angle. Bistatic pertains to
two olnts; that is, the source is at one angle and the receiver at another. Specu.
lar reflection is the special case of bistatic reflection when the angle of reflection
is equal and opposite to the angle of incidence.

. 6.3.1 Theoretical echo reduction

As with Insertion loss, theoretical echo reduction can be computed most easily
3for sound incident normally on a uniform plate of nonabsorbing material hnmersed

In water. Other situations are more complex and are beyond the scope of this book.
The theoretical echo reduction for a nonabosubing hl nogencous material In a

water owdium is given by

Edo reduction = 10 log I ine + (6.2)

where rn and k.x are tile same as in Eq. (6.1). As in Eq. (6.1), 1/hn can be sub.
stituted for ot without chunging the equation, Echo reduction decreases gradually
with increasing frequency until the thickneu becoeoas a quarter wavelength aetd
then increases until the thickness becomes a half wavelength. When the kx formi
in Eq. (6.2) is fi2, 3tr/2, $n/2, etc., or when die thicktess is an odd multiple of

*' - *

-.I
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a quarter wavelength, the echo reduction is a minimum. For either large or small
values of m (that is, for m >> 1 or m << 1), the echo reduction is close to zero,
but theoretically never reaches zero. When kx = 0, 7r, 21r, etc., the sine term in
Eq. (6.2) is zero and the reduction becomes infinite for any finite value of m.
This means that any nonabsorbing material is perfectly transparent when the
thickness is a multiple of a half wavelength. The echo reduction is infinite also
when m = 1, of course. These are the same conclusions inferred from Eq. (6.1).

Figure 6.1 shows the echo reduction of two typical reflector-type materials.
The 1/8-in. cork becomes completely transparent at 78 kHz. The corresponding
frequency for the 5/8-in. steel is 186 kHz. Again we see that cork is not equival-
ent to air as is sometimes assumed. A true layer of air is a good reflector; a 1/8-in.
layer has an echo reduction of only 0.0004 dB at i kHz.

6.3.2 Measurement of echo reduction

Echo reduction usually is measured with the arrangement shown in Fig. 6.2.
Botl, the incident sound and the reflected sound are measured by the probe
hydrophone placed close to the material sample. Two techniques are used to
separate the two measured signals. With a short pulse technique, the incident and
reflected sounds can be separated by the time interval required for the pulse to
travel the path from the hydrophone to the sample and back to the hydrophone.
With an interferometer technique, the two signals are allowed to overlap, and are
computed from the maximum and minimum signal levels that result from con-
structive and destructive interference.

As with the measurement of insertion loss, reflections and diffraction are the
main measurement problems. The diffraction effects are more than the conven-
tional diffraction "around" an obstacle. When plane waves impinge normally on
a reflecting plate, the reflected sound is indistinguishable from the sound that
would emanate from the plate if the plate were vibrating as a source. Thus, a
probe near the plate is in the near field or Presnel zone of the plate. The reflected
sound can be considered to be the combination of two waves: (1) a plane wave
of the same amplitude and phase us would be reflected from an infinitely large
plate. and (2) a diffracted wave that appears to emanate from the edge of the
plate, and which Is similar to the diffracted wave that "goes around" the plate in
an insertion-loss measurement.

When short pulses of sound are used and the incident and reflected sounds are
separated in time, It Is necessary also to separate the reflected and diffracted
pulses. Tite two separation requirements have opposite effects on thi ,election
of the sample-to.probe distance. Increasing this distance increases the reflected
and incident pule separation but decreases the reflected and diffracted pulse
sepaation, Decreaing the distance has a reverse effect. In practice, the distance
is kept as snall as possible and minimum pulse lengths are used. The pulse length
cannot be made shorter than about two cycles, however, which sets a low.
frquency limit for lhe tednique. LWor Iinhni tn pulse lengths are needed for

S,

a+
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resonant reflectors. Short-pulse sound-reflection measurements in water gen-
erally are useful only when the sample is five or more wavelengths long and wide.

Diffraction effects are minimized by asymmetrical geometry as described in
Section 6.2.2 for insertion-loss measurements.

Measuring the pulse reflected from a resonant coating is complicated by the
fact that the coating acts like a notch filter. The fundamental or carrier frequency
is attezuated much more at the resonance frequency of the coating than are the
si,.4an4 frequencies in the pulse spectrum; consequently, the high echo reduc-
tion at resonance is masked by the lower echo reduction at the sideband fre-
quencies. A very narrow-band wave analyzer at the output of the probe hydro-
phone is needed to obtain the true echo reduction near the resonance frequency.

At low frequencies (long wavelengths), where short pulses are not feasible, an
interference technique can be used. A probe hydrophone is placed close to the
sample where it will simultaneously reeive-Aht signal that arrives directly from
a distant source and a signal that arrives after reflection from the sample. Either
c-w or long-pulse signals are used. A long pulse is one that is long enough to cause
overlapping of the direct and reflected signals but still short enough to "gate out"
diffraction, surface reflection, and so forth. The probe measures the phasor sum
of the incident and reflected sound pressures. By sweeping through a range of
frequencies, the phase between the incident and reflected signals will change con-
tinually. The magnitude of the sun signal will oscillate between the in-phase
and the out-of-phase conditions with a pattern similar tothat produced by inter-
ference from surface reflections, standing waves, or crosstalk in transducer call-
bration measurements. We are, in fact, deliberately. producing standing waves.
The probe should be at least one quarter wavelength from the reflecting surface
and preferably several wavelengths:away. If the probe is too close, the frequency
interval between peaks (or nulls) in the oscillation patteni is large, and the pat.

'torn Is difficult to-identify. Figure 6.3 shows an examplo in which the interfering
signal or reflection is half the direct signal and Illustrates how the relative am1pli
tude of two interfering signals is found with the aid-of Fig. 6.4 or Table 6.1. Since
the direct signal alone can be obtained by merely removing the sample, the nter-
ference-to.direct signal ratio can be obtained either as a numeric ratio or in

, decibels from any of th three measured values in Fig. 6.3; that is, front (I) MAX
(2) MIN, or (3) MAX + MIN, Since the depth of sharp nulls is subject to greater
error than is the rounded maximuns, the MAX measurement shown in the figures
is mtost reliable. Table 6.1 is nmerely a tabulation of the rame values presented

" -graphically In Fig. 6.4 and is more-suitable for small or precise values. The inter-
ference technique is Similar in prInciple to the technique used in air acoustics to
measure the acoustic impedance at a boundary tominatIng a tube.

In practice, the sound waves that impinge on tile sample reflector are not
plafte. Normally, lids does not AfiMt the mieasure nts unless It results in trans-
verse wave motion. It may help to some extent bgciause it introduces a shading
effect, That Is, considering the plate as a vibrating source, the vibration at th6-
periphery will be slightly lower hii amplitude aluzi, and have a plase lag with

',,
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Table 6.1. Magnitude of Interference

D = Direct Signal I = Interference Signal

Max Min Max-to-Min
liD [(D+I)/D] [(D--)/D ]  Spread

-dB Ratio +dB Ratio -dB Ratio dB

0.0 1.000 6.0 2.000 - 0.000

0.5 .944 5.8 1.944 25.0 .056 30.8
1.0 .891 5.5 1.891 19.9 .109 25.4
1.5 .841 5.3 1.841 16.0 .159 21.3

2 .794 5.1 1.794 13.7 .206 18.8
3 .708 4.7 1.708 10.7 .292 15.4
4 .631 4.3 1.631 8.7 .369 13.0
5 .562 3.9 1.562 7.2 .438 11.2

6 .501 3.5 1.501 6.1 .499 9.6
7 .447 3.2 1.447 5.1 .553 8.3
8 .398 2.9 1.398 4.4 .602 7.3
9 .355 2.6 1.355 3.8 .645 6.4

10 .316 2.4 1.316 3.3 .684 5.7II- -,

12 .251 2.0 1.251 2.5 .749 4.5
14 .200 1.6 1.200 1.9 .800 3.5
16 .159 1.3 1.159 1.5 .841 2.8
18 .126 1.0 1.126 1.2 .874 2.2
20 .100 0.8 1.100 0.9 .900 1.7

25 .056 0.5 1.056 0.5 .944 1.0
30 .032 0.3 1.032 0.3 .968 0.6
35 .018 0.2 1.018 0.2 .982 .4
40 .010 0.1 1.012 0.1 .990 .2

conditions should duplicate as closely as possible the ideal plane longitudinil wave

condition whenever transverse wave motion is likely.

6.4 Bulk Abwbing Materials.

E valuation of bulk absorbing natorials requiros measurement techniques corn-
pletely different from those used to evaluate windows, reflectors, baffles, and
anechoic coatings:..The latter materials generally are in the form of a slab, plate,

b
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sheet, or layer. The dimensions, particularly the thickness, are chosen to meet
some particular need and the evaluation results usually apply only to samples of
these dimensions. An absorbing material, as the term is used here, is a material
like wood, oil, rubber, soil, and so forth, whose sound absorption depends on its
particle or molecular content or structure, and not on the dimensions or configura-
tion of the material. When we evaluate an absorbing material, we evaluate the
material itself; however, this does not mean that the dimensions or shape in which
an absorbing material is used is unimportant. Wedges are used in anechoic rooms
and tanks because the wedges form a boundary that increases the percentage of
sound entering the wedge material rather than being reflected away. In solid
materials, the configuration is important because the elastic behavior depends on
the geometry of the applied stress and allowed strain. (See Section 6.5.)

One practical difference between an analysis of an anechoic coating and an
absorbing material is that the coating is analyzed as a lumped-parameter system
but the material is analyzed basically as a distributed system. Equivalent circuits
can be used to represent coatings, but materials are studied as transmission lines,
although short lines as special cases may reduce to a lumped-parameter system.
An absorbing material can be treated as a lumped impedance to the extent that

,S a short electrical cable is treated as a capacitor. The material must be both thin
and homogeneous, if this treatment is to be used.

In the analysis of acoustic transmission lines and acoustic impedance that fol.
lows, the symbolsc, X, p, s, C, p. w, t, and x will have their familiar definitions of
speed, wavelength, density, stiffness, compliance, pressure, angular frequency,
time, and distance, respectively. The symbol k denotes the wave number and is
equal to .o/c or 2ir/X, The symbol Zo represents the characteristic impedance
of the medium. When c', X', s', C, k', and Z0' are used, the prime denotes
that the parameters pertain to an absorbing medium. Such parameters are referred
to as "complex" where the word carries the same connotation that it has in
"complex number" or "complex impedance," The physical significance or mean-
ing of the complex parameters is discussed in later paragraphs,

Stiffness as used here is the same as the plate elastic modulus. That is, it Is
the quotient of the stress (force/area) to the strain (displacement/thickness),
where the stress is being extended normal to a plate and the strain exists and Is
measured only in the plate thickness direction. The stiffness then is related to

* the acoustic impedance per unit area Z. (pressure/volume velocity) by Z. - s/lwx,
where x is the thickness. Thus, stiffnuss is the negative reactance of a sample of
unit cross.sectional area and unit thicnitess. The elastic behavior of solids depends
on which combination of three-dimensional stresses and strains are allowed. The
stiffness of a solid, therefore, does not have a unique meaning. The different
kinds of elastic moduli are discussed in Section 6.5.

Compliance is the reciprocal of stiffness. Stiffness is the older of the two
terms and is familiar from classical physics and mechanics, Compliance is a
newer term that is particularly convenient when electromechanical analogies are

, used. Compliance is directly analogous to electrical capacitance, whereas stiffness
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is inversely related to capacitance. All the relationships of electrical trans-
mission line theory therefore can be used to describe an acoustic transmission
line when the following substitutions are made:

compliance - capacitance per unit length
density - inductance per unit length

admittance of complex compliance -- open-circuit admittance per unit length
impedance of complex density -+ short-circuit impedance per unit length

A bulk absorbing material is characterized by its complex propagation constant
y = a + jk, where a is the attenuation constant. In addition to a and k, other
parameters are used by various authors-usually because they are useful in special
cases. These other parameters include the loss factor 77, the loss angle 6, the com-
plex stiffness or compliance, and the complex density.

6.4.1 The attenuation constant a

The attenuation constant a is the signal loss of a plane wave per unit distance
in the medium. The loss is expressed as the natural logarithm of the ratio of the
signal amplitudes at two points. In mathematical terms,

ax ; In P_. (6.3)

*where x is the distance between the points at which p, and P2 are measured.
The value of a is measured in nepers/cm. If a medium has a loss of I neper/cm,
the signal decreases by I/e every centimeter. The neper is similar to the bel in
being a logarithm of a ratio. It differs in being based on natural rather than com-
mon logarithms, and is defined as the logarithm of a ratio of pressures, voltages,
or other parameters proportional to the square root of power, rather than to
power itself. One neper equals 8.686 dB.

I The attenuation corstant is most useful in describing a medium when the
medium Is considered to be distributed rather than lumped. In practice, this
means that the dimension in the direction of wave propagation is larger than about
X/ 10. Consider a plane pressure wave in a lossless mediun: The instantaneous

pressure pi at any time t and any point x is

P, , poel (w t -'s), (6.4)

wheLe Pc is the pressure amplitude. If the medium dissipates energy and the
ratio P1/p2 is Independent of the initial amplitude, the pressure amplitude de.
creases exponentially with the distance x and is

lpl Poe' " .  (6.5)

)..
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The complete expression for pi in an absorbing medium is, then,

P, = Poeaxe i (wt - kx), (6.6)

or

p P oe-iwt "(k-a)xl. (6.7)

Now we can define a complex wave number k' = k - ]a and substitute k' into
Eq. (6.7), making it look like Eq. (6.4):

kx)

Pi= poel(wt " x) (6.8)

Equations (6.4) and (6.8) illustrate the point that any equation applying to a
lossless transmission line can be altered to apply to a lossy line by changing all
the appropriate parameters from their real to their complex forms. By "appro-
priate" parameters we mean those whose values depend on the characteristics of
the medium, such as p, c, s, k, X, and Zo.The parameters w, x, and t are not in-
eluded. To illustrate with other equations that will be used later, consider the
expression for the input impedance Z, of a finite transmission line x units long,
where ZL is the terminating load impedance. If the line is lossless,

Zl=~ [o cos kx + jZ0 sin kx(6.9)
tZo cos kx +IZLsin kxj

If it is lossy, changeo and k to their complex forms:

'"" /Z [Z, co~ -i)x + ZO *sin (k -/a)x] '.
z Zo'L cos (k -)x + Z0 sin (k -I/)xj

, Rearranging Eq. (6.10) and using standard identities between circular trigo-
nometric and hyperbolic functions poduces

Z -+ ~ZL sinh (a+ kv
z [ZO' cosh (a + /k)x + Zg' sinh (a + /k)x (

of
.': rzi, cosh -tx + zeo sin', yx]

z, = Zo' L -, (6.12)

where 7 a + 1k. Equation (6.12) is the standard expression for any one.
dimensional transmission line, Note from the definitions of k' and , that = /k',
and

ofr k-W- C (6.13)k /a W-Jaec _]
I'
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6.4.2 The loss factor i?

A material has two loss factors te and 7ip that are inherent properties of the
material regardless of the material dimensions, but which are most useful in
absorption measurements when used to characterize the absorption of thin layers.
When an elastic material dissipates energy as it undergoes compression and ex-
tension, there is a loss component to its mechanical impedance or admittance.
The elastic loss factor 17e is defined in terms of the imaginary part of elastic

U impedance or admittance-that is, the stiffness or compliance.

s1 = s(1+it) (ijt 5 ) (6.14)

• ""c'= C(l-n (6.15)

When the elastic loss factor is discussed in general terms, the subscript e will be
used. When it is used as specifically defined by Eq. (6.14) or (6.15), the sub.
script s or c will be used.

When a material in motion is subjected to a viscous drag, there is a loss com-
ponent to its inertial impedance. The density loss factor ?I, :is defined in terms
of the imaginary part of this inertial impedance:

p' = hp(1- ). (6.16)

From Eqs. (6.14), (6.15), and (6.16), it can be seen that all the loss factors
are dimensionless ratios of acoustic resistance to reactance or conductance to

susceptance. Thus, the loss factor is similar to the reciprocal of Q, where Q has5 the conventional connotation of ratio of reactance to resistance or stored energy
to dissipated energy.

It is evident also from Eqs. (6.14), (6.15), and (6,16) that the complex stiff-
ness, compliance, and density correspond, respectively, to the shunt impedance,
the shunt admittance, and the series Impedance of a unit length of the acoustic
transmission line-or thickness of the plate, This correspondence Is shown in
Fig. 6.5. The corresponding impedances or admittances of a platex wits thick
are given by

* - ~ - + (6,17)

I/.C'x (JWCX) + ( ),(6.1)

. P'X C (JWPx) + (Cpopti). (6.19)

The initial choice of positive or negative signs In Eqs. (6.14), (6.15), and (6.16)
becomos evident front Eqs. (6.17), (6.18), and (6.19). The real part of the in-
pedance or admittance must be positive I
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S. I/jwC

W01,, I// %

l, Pj p

Ilwp

Fig. 6.5. Electrical analogs of unit-length acoustic transmission line
with (a) shunt admittance and (b) shunt impedance.

An interesting fact is pointed out by Tamm.1 If q, = i? in the same material,
then the imaginary part of the characteristic impedance disappears.

Z0f ['P P~l ,j, (6.20)

If~ ='QC then,

z o C =Z o. (6.21)

This conclusion is the same as that for electrical transmission line theory wherein
the characteristic impedance is a pure resistance If R,13 WLs a Go/wC0c where
R,, and Lj are the short.circuit resistance and Inductance, and Goo and Coe are
the open-circuit conductance and capacitance of a unit line.

Tamn actually made his point using i%, rather than vc. The same con.
clusion as made In Eq. (6.21) can be made when it = , provided that n$
is small-that Is, if the loss component is a small part of the Impedance or
admittance.

i
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6.4.3 The loss angle 6

The loss angle 6 is the complement of the phase angle of the impedance Z,
defiued for Eq. (6.9):

tan 6 -_ (6.22)

If the load or "backing" impedance ZL - c and the plate thickness or acoustic
lhie length is short (x < A, 10), the impedance Z becomes stiffness controlled and

i'tail8 -- - 74T) . (6.23)

If the load or "backing" impedance is zero and the line is short, the impedance

becomes inertia controlled, and

tan 6 = I - . (6.24)

Thus, for small samples, arctan n and the loss angle are the same.

6.4.4 Relationships among a, j?, and 6

Before discussing the measurement of a, , and 6, it is helpful to understand
some relationships among these parameters. In many practical cases, when one

*' i parameter Is known, the other two can be computed or at least approximated.
Starting with the usual expression for the speed of sound

o or C, (6.25)

wiad using Eqs. (6.13), (6.14), and (6.16), we can derive

FA -/?a 1 C 6.26)
L $0 +/ ,)J

After some algebraic manipulation, Eq. (6.26) can be reduced to

* 2a

(6.27)
"2a

I t,
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Equation (6.27) also can be obtained by using compliance instead of stiffness,
or c' = (Ip/'C)%, so the general elastic loss factor 17e is used in Eqs. (6.29) and
(6.30).

The factor a/k appears regularly in absorption analysis. Cramer2 gives it the
symbol r and the name "loss parameter":

a ac a ,a (6.28)

It can be seen that r in the form aXI2ir is the attenuation per radian length. In
terms ofP, Eq. (6.27) becomes

17' = "2 (6,29)

Equation (6.29) is exact for all values of absorption. If the absorption is low
enough for second-order terms to be neglected, Eq. (6.29) becomes

rip + ile 2 . (6.30)

Thus, r is the simple average of %, and I,.
Most materials have either primarily elastic or viscous losses, but not both. If

either qn or n, are zero, than Eq. (6.29) beconmes

1 Z(631)

If both the low-absorption approximation of Eq. (6.30) and tie slnje4oss factor
assumption of Eq. (6.31) are used,

.2 (6.32)

The loss angle 6 is related to it by q. (6.23) or (6.24). When q < 0.$ die

approxination tan 6 t 6 can b auseid with es than 10% error, ilid

tail 6 * 6 17. (6,33)

Tie validity of the 'low absorption" appiialils and the elatlonships
"ong r, i, and 6 ae graph lally ilhlstrated in Fig, 6,6. Essentially, the curves
ate piots of Fs. (6.31) and (6.32). Equation (6.30) canniOt be plotted beauto
it ias three variables. The cuttve show that 2P * q 6, when r is leis than about

" 0.3, ot v is les tha, about 0.6. Ti value r' 0.3 cortepoids to lA ottonuatlu



MEASUREMENTS ON AUXILIARY MATERIALS 305

5 Iof 16.3 dB per wavelength. This is good attenuation. For a wavelength of I ft,
- or 30 cm, r = 0.3 corresponds to a = 0.6. It can be concluded'that small values

of the attenuation constant (a < 0.1) and loss factor (q < 0.6) are useful, and
. that the approximatio 2,r' 6 can be used in most practical ces..

16
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can be assigned to absorption. The free-field requirement limits this technique
to very large samples, and for this reason the technique seldom is used.

It might appear that a simple insertion-loss measurement would yield a value
for a. For example, if the insertion loss of a 5-cm-thick plate is 1.0 dB, one
might conclude (erroneously) that a = 0.2 dB/cm or 0.023 neper/cm. The error
here arises from the fact that the signal is reflected at both of the solid-water
boundaries and, each time the sound trapped in the plate is reflected by the front
or rear boundary, some sound escapes into the water. Consequently, we have a
standing.wave condition inside the plate, and the transmitted wave consists of
the phasor sum of many signals that have traversed the 5-cm thickness 1, 3, 5, 7,

etc. times.
In practice, a, i?, and 5 usually are measured by a system referred to as an im-

pedance tube, which is shown schematically in Fig. 6.7. The system is treated as a
. one-dimensional acoustic transmission line. Plane-wave propagation is assumed

and attained in practice by using a rigid-walled tube with a diameter equal to a
small fraction of a wavelength of sound in the water and material.

"Tro wucer7

atrAbsorber BaknWater material--_._ . . 'Z i ------.. ZL o

'NRigid boundaries X---- - "

Fig. 6.7. Impedance tube arrangement for measuring attenuation parameters in
an absorbing material.

The key parameter used to find a, 17, or 8 is Zj, the complex acoustic imped-
ance at the boundary between the water medium and the absorbing medium as
seen from the water medium. Various impedance tube techniques have been used,
mostly in air acoustics. 3,4 The most successful technique for evaluating under.

*..- water sound absorbers has been the pulsed-sound technique. 2,5 A short pulse of
sound is reflected at the Z, boundary, and the complex reflection coefficient A
is measured. The magnitude of A is the ratio of reflected-to-incident sound pres-
sure. The phase of A is the phase shift of the reflected sound. Then,

2 Zw (I +A) (6.34)(I -A)'

where Zw is the specific acoustic impedance of the water. The magnitude of A
is relatively easy to measure. For example, an uncallbrated but linear probe
hydrophone in the tube can measure both the incident and reflected pulses, and

* display both on an oscilloscope. The magnitude ratio is readily obtained from the
displAy. The phase measurement is more difficult. The relative phase of tue two

-A;
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pulses could be measured at the probe hydrophone output, but the phase shift

at the water-material boundary can be computed only if the boundary position
and the wavelength of sound in the water in the tube are precisely known.

Another method is to compare both the magnitude and phase of the signal re-
flected from the sample to those of the signal reflected from a perfect reflector,
such as a very high- or very low-impedance boundary at the same location. From
Zi and a knowledge of x and ZL (the impedance at the boundary between the
absorber and the backing material, as seen from the absorbing medium), a, 7i, or
8 can be calculated. For example, 77, can be found by makingx < X/lO and let-
ting Z - o. That is, we use a thin layer of absorber with a rigid backing. Then
we have a condition analogous to the measurement of capacitance and conduct-
ance in a short length of open-circuited cable. The absorber acts like a lossy
spring, and

- I

Z, R7 (6.35)* )l., jix (.X¢

or

=- (6.36)

• :and

x, = . (6.37)

% Equations (6.36) and (6.37) can be solved for both s and i.
If ,p is desired, we let x < W/10 and ZL -+ 0. That is, we use a thin layer with

no backing, or with air backing, Then we have a case analogous to the use of a
short.circuited cable and the measurement of inductance and resistance of the
wire. The absorber acts like a ms subjected to sonic viscous drag, and

Z" Ri + As "op'X = JWPX + W0P pX, (6.38)

of,

R, =  pi 0 pX, (6.39)

and

X, wpx. (6.40)

" Equations (6.39) and (6.40) are solved for p and ,n.

1
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The loss angle 8 is available directly from Z1, according to Eq. (6.24).
To measure a, the backing is made very rigid, or it is assumed that ZL -* .

Then Eq. (6.11) reduces to

Zi = Z0 ' coth (a + ik)x, (6.41)

where Z0' is the complex specific impedance of the material. From Eqs. (6.13),
(6.34), and (6.41), and neglecting inertial losses,

I 1 +A .coth (ax +jkx)

kx I - (ax +jkx)

where the w subscript indicates the parameters of the water. All parameters in

the left side of Eq. (6.42) are measured. The unknowns a and k cannot be obtained
from transcendental equations like Eq. (6,42) by algebraic methods. However,
Sabin 6,7 has developed charts from which a and k can be obtained from the mag.
nitude and phase of the left side of Eq. (6.42) and subsequently he has used a
computer to solve Eq. (6.42) automatically by successive approximations. 8

Figure 6.8 is a plot of Eq. (6.41) and, in addition, a plot of Eq. (6.11) for the
special case Z,, = 0. If Z, can be measured as a function of x and plotted as in
Fig. b.8, a spiral curve should result; and the various relationships shown graphi.
cally in Fig. 6.8 can be found.

Generally, all the curves are spirals converging to a point corresponding to
Z, = Z0'. That is, when x is large, the absorber appears infinitely thick and Z,
becomes the characteristic impedance. Both spirals converge to the Z1 = Zo'
point because, in infinitely thick layers, the backing impedance does not affect
Z1. As x becomes smaller, the ZL -+ - curve for Z, unwinds along the spiral,
oscillating in amplitude. These oscillations correspond to the tuned or resonant
conditions where x is equal to multiples of quarter or half wavelengths. As x be-
comes small, the thin-layer or lumped-parameter condition is approached; Z, be.
comes -js'1wx, and the slope becomes -I/i . Similarly, the ZL a 0 curve un-
winds and approaches Z, V +Iwpx with the slope +I /n,,. The slope of the Imped.
antce vector Zg a Z0 ' Is (ti, - np)/a w r, according to Eq. (6.45). All the informa.
tion needed to find l,, ip, r, a, c', and Z0' is available from either curve. In
practice, the curve for ZL -* is the easier of the two to obtain because -Is'/wx
is large, while +/wpx Is small. The use of the variable x in these curves is based
on the assumption that the frequency is constant. The variable should be kx. If

. ihe absorption is independent of, or changes slowly with frequency, a change in
frequency or wavelength is equivalent to a change in x.

The chzuacteistic Impedance of a inedium is given by

4o' (Ps)I * (A I -111,0 I + 11) (6.43)

iZo ° 0 i ns-,d + nol 4. (6.44)
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L.xI

Slp -+ 1117p

/_Zi Zo' tori (0 +jk)x
., , , /ZL:

!Zj= +!apx / -

.x /4

%-X/2

"" .-..,. Zi Zod coth (a1 + jkhx

Increoalt x or ki

I

Fig. 6.8. Input Impedance 2 t of a louy acoustic transmission line as a
function of the radian length kx.

If %,ils << 1, it can be neglected, and (ti,, - np) is so small that only the first
two terms In the series expansion for the square root of a binomial need be used.
Then,

O I (6.45)

or, when i =, then Z0 ' = Zo. If the complex compliaince is used instead of
complex stiffness, the qualification nltj, << I is not needed to conclude that
ZO' a Zo when 'o. a i,.

Equation (6.45) shows that if Tz, > 7,o, Zo' will be in the +Xi quadrant, If
"it < i!, Z0 ' will be in the -XI quadrant. Ifi, iiv -, then ZO' will be on the Ri

,C
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axis. These three conditions are shown in Fig. 6.9. Note that the real compo-
nent of Zo' always is Zo. The convergence point for the spiral is determined by

- r7.. The other ends of the spirals are determined by %l and 77.. Thus, even
if ip cannot be measured at the Zi = jwpx end of the spiral, it still can be found
from a knowledge of 7?, - 1, and ns. The loss parameter r then is given by Eq.
(6.30) from r = (rtt + ??,)/ 2 , and a from a = relic'. The complex velocity comes
from the frequency and from the x =/4 or x X/2 points identified in Fig. 6.8.

+Xi +Xi

iR

,-R Ri R

, . /

- No

Z-X i -, -

,Xi ,,) -X (b) n , n( -X ns' nol

Fit. 6.9. The value of Z0' for relative values of n,, and 1o.

6.4.6 Magnitudes of a and i?

The attenuation constant a usually is a small fraction of one neper/cm like 0.1
or less. if a were large-for example, if a = 1 neper/cm-thts could mean that the
sound pressure amplitude would decrease 8.7 dB for every centimeter of mate-
rial through which the sound wave traveled. After traveling only 3 cm, the wave
would be attenuated 3 nepers or 26 dB. its magnitude then would be only 5% of
the original magnitude, and the wave would contain only 0.25% of its original
energy. Consequently, It would make little difference whether the absorber were
3 cm thick or nfinitely thick, Even if it were physically possible to make an ab-
sorbing material with an attenuation constant as large as I neper/cm, It would not
necessarily be useful in underwater sound. A good absorber should possess two
key characteristics. First, the sound should enter the absorbing material rather

g'l than be reflected away. Second, after the sound gets into the absorber, it should
be completely absorbed. If the absorber has very high absorption, so that a neg.
ligible amount of the sound reflected at the back boundary returns to the front
boundary, then x appears infinite and Zg - Z0 '. The reflection coefficient then Is

A Z, + (6A6)

4, g'+Z
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The characteristic impedance Z, of water is a real number. Consequently, theR reflection can become zero only if Zo' also is a real number; but Z0 ' is wholly a
real number only if the absorbing material does not absorb, or if the unique con-
dition ie = 77p exists.

As shown in Eq. (6.45), the greater the elastic or viscous absorption (but not
both), the larger the imaginary part of Z0' becomes, which is contrary to the
usual notion that energy absorption is associated with real, rather than imaginary,
numbers. Consequently, a good absorber usually will be a good reflector when it
is thick enough to appear infinitely thick.

There are four ways of combining high absorption with low reflection. First,
the absorption a per unit thickness can be kept low, but the thickness x can be

. made high. Second, a high a together with a gradual transition boundary, such
as would be provided by wedges or intermediate layers, can be used. Equation
(6.46) applies only to plane boundaries. Third, "tuned" or "resonant" thickness

•. -dimensions, which correspond to the points on the spiral curves of Fig. 6.9 that
lie on or near the R, axis, can be used. Fourth, the ideal material, as yet undis-
covered, in which fip )7e can be used.

Whereas a is made small intentionally for the thick layer or "effectively in-
finite x" case, the opposite holds for the case of a thin layer where the impedance
Z, ideally should be wholly resistive and equal to Zw. The latter is the acoustical

* analogy of the electrical case in which a cable having the characteristic impedance
R ohms is simply terminated with a resistor of Re ohms that dissipates all

. energy fed into the cable. Unlike the electric resistor, the acoustic resistor is
extremely difficult to create in the form of a thin layer.

Ideally, thick layers should have low absorption per unit distance but thin
mlayers should have high absorption. For intermediate thicknesses (X/10 <x <X),

the analysis is complicated. Standing waves are present. For some thicknesses,
the layer acts like a "tuned" or "resonant" absorber and the absorption is un-
usually high in a narrow frequency band. Such layers are analyzed by using the
general formula for Z1, Eq. (6.12), or its special cases, like Eq. (6.41) and the gen-
eral reflection formula,

~Z -ZW
A = Z+ .Z (6.47)

6.S Elastic Modull and Stiffness

The subject of acoustic materials would not be complete without some discus-
* . sion of elastic moduli, In Section 6.4, stiffness and plate elastic modulus were
* taken as synonymous. Such a definition is necessary for a plane-wave one.

dimensional analysis, In more general cases, the modulus or stiffness is the quo-
tient stress/strain from Hooko's Law.

In a solid, there are several ways that stresses can be applied and strains al.
lowed, and each combination has its own elastic modulus or stiffness (or com-
pliance). Figure 6.10 illustrates the various moduli.

..'
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(a) Yourns Modulus Y and Polssons, Ratio a At/2 -

F *force FA-
A area 41 r
A6 length
t thickness

Y F/A ___/
'TIA- At/t

(b) Bulk Modulus B

p* pressure
V volume

() Plate Modulus P

p * pressure

A llength1P- -
-IV

-i .p

Al

W') Shear Modulus it

F F 9 farce
At t tangential area
8 n shear angle In rodlon

- F/At

Fig. 6.10. Elatio moduli.

Young's modulus Y probably is the most familiar and the easiest to measure.
It applies to a long, thin solid (wire, bar, etc.), where, in an acoustic measurement
or application, "thin" would mean a small fraction of a wavelength. In this case,
stress exists In only one direction-the direction of the long dimension-and is
given in force per unit area or in pressure. The strain is in three dimensions but
measured only in the long dimension. Both the volume and shape of the material
change under stress.

The bulk modulus B is a measure of the ratio between three-dimensional stress
and three-dimensional strain. The volume changes, but the shape does not-as,
for example, a rubber ball when squeezed uniformly In all directions becomes

4t
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smaller but still is spherical. The stress is given in pressure and strain in fractional
volume change.

The plate modulus P is the modulus effective in impedance tube measurements,
, .or whenever plane-wave conditions exist. The stress or pressure is in one direc.

tion-the direction of wave motion. The strain or particle motion also is one-
dimensional and in the same direction as the stress. More so than the other
moduli, the plate modulus applies to dynamic cases. As with Young's modulus,

* both volume and shape change with stress.
. .~The shear, torsion, or rigidity modulus p involves rotational motion. The

volume remains constant, but the shape changes. The stress is given as the tan-
gential force. per unit area of the tangential surface. The strain is the angular dis-

K" placement is radians of planes originally perpendicular. The shear modulus is
important in absorbers because rubbers often have low loss components in the
"plate" stiffness but high loss components in the "shear" stiffness.

In practice, the measurement conditions or material sample size or shape may
lead to stresses and strains that involve some combination of the four moduli.
Care must be exercised, therefore, in extrapolating measured results to apply to
samples of other sizes and shapes.

In addition to the moduli, the parameter "Poisson's Ratio" frequently is used
to characterize an elastic material. As shown by Fig. 6.10a, this is the ratio of
transverse strain resulting from an applied longitudinal strain.

The bulk, plate, and shear moduli are related to Young's modulus and Poisson's
ratio a as follows:-- -

B 3(-2 ' (6.48)

3 (l -a)

P =(I + (6.49)

JA 2y + (6.50)

.7

I
1
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Appendix Al

J CAPITAL LETTER SYMBOLS AND ABBREVIATIONS

A area, proportionality constant, complex reflection coefficient, ratio of
radii

B susceptance, magnetic flux density, bulk modulus,:"C, C compliance, capacitance, coulomb
CL coupling loss in decibels
D diffraction constant, diameter, maximum dimension
D1 directivity index
E energy density
EBW essential bandwidth
F force
G conductance, amplifier gain in decibels
H hydrophone
Hz hertz (cycles per second)

'.V 1 intensity
J reciprocity parameter, Bessel function
K a constant
L length
M,M free-field voltage sensitivity, prefix "mega"
N, N any integral number, newton
P, P projector, power, plate modulus, point in space
PSL pressure spectrum level
Q electric charge, point on a surface S, quality factor
R resistance

. Re directivity factor
S transmitting current response, surface area
S' transmitting voltage response
T, T reciprocal transducer, absolute temperature, peroi of a periodic function
U volume velocity
V volume
W width
X volume displacement, reactance, coordinate axis
Y admittance, Young's modulus, coordinate axis
Z impedance, coordinate axis
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Appendix A2
.4'

.

LOWER-CASE LETTER SYMBOLS AND ABBREVIATIONS

a radius, term in a binomial
b term in a binomial
c speed of sound
cm centimeter
c-w continuous-wave
d distance, depth
dB decibel
e voltageI
e',e same as e under certain conditions
f frequency
g, g acceleration due to gravity, gram
h depth or height
i current

k, k wave number, spring constant, Boltianngas constant, prefix "kilo"
kg kilogram 4

m, m mass, ratio of characteristic impedance.of a material to the characteris.
tic impedance of water, meter, prefix "milli"

n normal unit vector, power of a binomial, number
p pressure
p(O) pressure as a function of 0, directivity
P average pressure
r radius, radial distance, loss parameter (a/k)
rms root mean square
S stiffness
t time, thickness
u particle or linear velocity
x distance, thickness
y distance
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Appendix A3

GREEK LETTER SYMBOLS

a attenuation constant
(3 adiabatic compressibility

ratio of specific heats of gases, complex propagation constant, ratio of
hydrophone-to-projector width

0 loss angle
A change in, maximum error

C dielectric constant
?I efficiency, loss factor

0 angle
X wavelength
11 shear modulus, prefix "micro"

linear displacement
a Poisson's ratio
p density (of water, unless, otherwise stated)

sum
7 pulse duration3 eloctromechanical voltage/force factor, angle

01 electromechanical voltagelcurrent factor
W angular frequency in radians per second
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Appendix A4

SYMBOLS USED AS SUBSCRIPTS

a applied, air, acoustical
A array
b blocked

C cylindrical wave, compliance
d particular depth
d-c direct-current or static pressure
df diffuse field
e electrical, at the "end,"' elastic
em electromechanical
f free field
ff far field
g generator
.H hydrophune
i index, input, integer, instantaneous
j integer
L length, distance, load
m receiving, mechanical, magnetic, in the medium
nf near field
N motional
NP null projector
o output
0 center value, key value, ui value, reference value, characteristic value,

fundamental

oem opencircuit Mechanica
p planiewave, parallel
p projector

radiation, reradiation
lb, density

s~stndard, sohertical wave, sourt,, sabrs, sffness
wtM shortcircuit mechanical

*:. T' reciprocal tLanuducc
W will, Wame
- -lX.own
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APPENDIX B I

DECIBELS vs. VOLTAGE AND POWER

The decibel chart below indicates dB for any ratio of voltage or power up to
O120 dB. For values over 20 dB subtract 20, 30, or 40 dB, etc. from the total

until the remainder will fall in the first part of the chart. Then add the corre-
sponding values in the early part of the chart and in the second part of the chart.
For example, for a voltage ratio of 400, the corresponding dB for 100 is 40. This

. leaves a balance voltage ratio of 4 which is approximately 12 dB. The resultant
total is 40 plus 12 or 52 dB.

Voltage Power Voltage Power

Ratio Ratio -dB+ Ratio Ratio

1.0000 100 0 1.000 1.000
.9886 .9772 .1 1.012 1.023
.9772 .9550 .2 1.023 1.047
.%61 .9333 .3 1.035 1.072
.9550 .9120 .4 1.047 1.096

.9441 .8913 .5 1.059 1.122
.9333 .8710 .6 1.072 1,148
.9226 .8511 .7 1.084 1.175
.9120 .8318 .8 1.096 1.202
i .9016 .8128 .9 1.109 1.230

.8913 .7943 1,0 1.122 1.259

.8810 .7762 1.1 1.135 1.288

.8710 .7586 1.2 1.148 1.318

.8614 .7413 1.3 1.161 1.349

.8511 .7244 1.4 1.175 1.380

.8414 .7079 I.S 1.189 1.4,3

.8318 ,918 1.6 1.202 1,445

.8222 ,6761 1.7 1.217 1,479

.8128 .6607 1.8 1230 1.514
"j .8035 .6457 1.9 1245 1.549
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Voltage Power Voltage Power
Ratio Ratio -dB+ Ratio Ratio

.7943 .6310 2.0 1.259 1.585

.7852 .6166 2.1 1.274 1.622

.7762 .6026 2.2 1.288 1.660

.7674 .5288 2.3 1.303 1.698

.7586 .5754 2.4 1.318 1.738

.7499 .5623 2.5 1.334 1.778

.74 13 .5495 2.6 1.349 1.820

.7328 .5370 2.7 1.365 1.862

.7244 .5248 2.8 1.380 1.905

.7161 .5129 2.9 1.396 1.950

.7079 .5012 3.0 1.413 1.995
.6998 .4898 3.1 1.429 2.042
.6918 .4786 3.2 1.445 2.089
.6839 .4677 3.3 1.462 2.138
.6761 .4571 3.4 1.479 2.188

.6683 .4467 3.5 1.496 2.239

.6607 .4365 3.6 1.514 2.291
.6531 .4266 3.7 1.531 2.344
.6457 .4169 3.8 1.549 2.399
.6383 .4074 3.9 1.567 2.455

.6310 .3981 4.0 1.585 2.512

.6237 .3890 4.1 1.603 2.570

.6166 .3802 4.2 1.622 2.630

.6095 .3715 4.3 1.641 2.692
.6026 .3631 4.4 1.660 2.754

.5957 .3548 4.5 1,679 2.818

.5888 .3467 4.6 1.698 2.884

.5821 .3388 4.7 1.718 2.951

.5754 .3311 4.8 1.738 3.020

.5689 .3236 4.9 1.758 3.090

.5623 .3162 5.0 1.778 3.162
r .5559 .3090 5.1 1,799 3.236

.5495 .3020 5.2 1.820 3.311

.5433 .2951 5.3 1.841 3.388

.5370 .2884 j 5.4 1.862 3.467

..........................
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Voltage Power Voltage Power
Ratio Ratio -dB+ Ratio Ratio

.5309 .2818 5.5 1.884 3.548

.5248 .2754 5.6 1.905 3.631

.5188 .2692 5.7 1.928 3.715

.5129 .2630 5.8 1.950 3.802

.5070 .2570 5,9 1.972 3.890

.5012 .2512 6.0 1.995 3.981

.4955 .2455 6.1 2.018 4.074

.4898 .2399 6.2 2.042 4.169

.4842 .2344 6.3 2.065 4.266

.4786 .2291 6.4 2.089 4.365

.4732 .2339 6.5 2.113 4.467

.4677 .2188 6.6 2.138 4.571

.4624 .2138 6.7 2.163 4.677

.4571 .2089 6.8 2.188 4.786

.4519 .2042 6.9 2,213 4.898

.4467 .1995 7.0 2.239 S.012
.4416 .1950 7.1 2.265 5.129
.4365 .1905 7.2 2.291 5.248
.4315 .1862 7.3 2.317 5.370
.4266 .1820 7.4 2.344 5.495

.4217 .1778 7.5 2.371 5.623
1 .4169 .1738 7.6 2,399 5.754

.4121 .1698 7.7 2.427 5.888

.4074 .1660 7.8 2.455 6.026

.4027 .1622 7.9 2.483 6.166

.3981 .1S85 8.0 2M12 6.310
..3936 .1549 8.1 2.541 6.457
.3890 .1514 8.2 2.570 6.607
.3846 .1479 8.3 2.600 6.761
.3802 .1445 8.4 2.630 6.918

.3758 .1413 8.5 2.661 7.079

.3715 .1380 8.6 2.692 7.244

.3673 .1349 8.7 2.723 7.413

.3631 .1318 8.8 2.754 7.586
,3589 ,1288 8.9 2,786 7.762

• ' ." , .r • , ..-
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Voltage Power Voltage Power
Ratio Ratio -dB+ Ratio Ratio

.3548 .1259 9.0 2.818 7.943

.3508 .1230 9.1 2.851 8.128

.3467 .1202 9.2 2.884 8.318

.3428 .1175 9.3 2.917 8.511

.3388 .1148 9.4 2.951 8.710

.3350 .1122 9.5 2.985 8.913

.3311 .1096 9.6 3.020 9.120

.3273 .1072 9.7 3.055 9.333
.3236 .1047 9.8 3.090 9.550
.3199 .1023 9.9 3.126 9.772

..3162 .1000 10.0 3.162 10.000
.3126 .09772 10.1 3.199 10.23
.3090 .09550 10.2 3.236 10.47
.3055 .09333 10.3 3.273 10.72
.3020 .09120 10.4 3,311 10.96
.2985 .08913 10.5 3.350 11,22

.2951 .08710 10.6 3.388 11.48

.2917 .08511 10.7 3.428 11.75

.2884 .08318 10.8 3.467 12.02

.2851 .08128 10.9 3.508 12.30

.2818 .07943 11.0 3.548 12.59

.2786 .07762 11.1 3.589 12.88

.2754 .07586 11.2 3,631 13.18

.2723 .07413 11,3 3.673 13.49

.2692 .07244 11.4 3,715 13.80

.2661 .07079 115 3.758 14.13

.2630 .06918 11.6 3.802 14.45

.2600 .06761 11,7 3,846 14.79
.2570 .06607 11.8 3,890 15.14
.2541 .06457 11,9 3.936 15.49

M2512 .06310 12,0 3.981 15.85
.2483 .06166 12,1 4.027 16.22
.2455 .06026 12.2 4,074 16.60
.2427 .05888 12,3 4.121 16,98
.2399 ,05754 12.4 4,169 17.38

4

• 4
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* Voltage Power Voltage Power
Ratio Ratio -dB+ Ratio Ratio

.2371 .05623 12.5 4.217 17.78

.2344 .05495 12.6 4.266 18.20
.2317 .05370 12.7 4.315 18.62
.2291 .05248 12.8 4.365 19.05
.2265 .05129 12.9 4.416 19.50

.2239 .05012 13.0 4.467 19.95

.2213 .04898 13.1 4.519 20.42

.2188 .04786 13.2 4.571 20.89

.2163 .04677 13.3 4.624 21.38

.2138 .04571 13.4 4.677 21.88

7 .2113 .04467 13.5 4.732 22.39
.2089 .04365 13.6 4.786 22.91
.2065 .04266 13.7 4.842 23.44
.2042 .04169 13.8 4.898 23.99

* .2018 .04074 13.9 4.955 24.55

.1995 .03981 14.0 5.012 25.12

.1972 .03890 14.1 5.070 25.70

.1950 .03802 14.2 5.129 26.30
4 .1928 .03715 14.3 5.188 26.92

.1905 .03631 14.4 5.248 27.54

.1884 .03548 14.5 5,309 28.18

.1862 .03467 14.6 5.370 28.84

.1841 .03388 14.7 5.433 29.51

.1820 .03311 14.8 5.495 30.20

.1799 .03236 14.9 5.559 30.90

.1778 .03162 15.0 5.623 31.62
- a .1758 .03090 15.1 5.689 32.36
., -,' .1738 .03020 15.2 5.754 33.11

.1718 " .02951 15.3 5.821 33.88

.1698 .02884 15.4 5.888 34.67

* ,..' ,.1679, .02818 15.5 * 5.957 35.48

.1660 .02754 15.6 6,026 36,31

.1641 02692 15.7 6,095 37.15

.1622 .02630 15,8 6.166 38.02

.1603 ,02S70 15.9 6.237 38.90

S .L
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324 DECIBELS vs. VOLTAGE AND POWER

Voltage Power Voltage Power
Ratio Ratio -dB+ Ratio Ratio

.1585 .02512 16.0 6.310 39.81
.1567 .02455 16.1 6.383 40.74
.1549 .02399 16.2 6.457 41.69
.1531 .02344 16.3 6.531 42.66
.1514 .02291 16.4 6.607 43.65

.1496 .02239 16.5 6.683 44.67

.1479 .02188 16.6 6.761 45.71

.1462 .02138 16.7 6.839 46.77

.1445 .02089 16.8 6.918 47.86

.1429 .02042 16.9 6.998 48.98

.1413 .01995 17.0 7.079 50.12

.1396 .01950 17.1 7.161 51.29

.1380 .01905 17.2 7.244 52.48
• ".1365 .01862 17.3 7.328 S3.70

.1349 .01820 17.4 7.413 54.95

.1334 .01778 17.5 7.499 S6.23

.1318 .01738 17.6 7.586 57.54

.1303 .01698 17.7 7.674 58.88

.1288 .01660 17.8 7.762 60.26
A,.1274 .01622 17.9 7.852 61.66

.1259 .01585 18.0 7.943 63.10

.1245 .01549 18.1 8.035 64.57

.1230 .01514 18.2 8.128 66.07

.1216 .01479 18.3 8.222 67.61

.1202 .01445 18.4 8.318 69.18

.1189 .01413 18.5 8.414 70.79

.1175 .01380 18.6 8.511 72.44

.1161 .01349 18.7 8.610 74.13

.1148 .01318 18.8 8.710 75.86

.1135 .01288 18.9 8.811 77.62

.1122 .01259 19.0 8.913 79.43

.1109 .01230 19.1 9.016 81.28

.1096 .01202 19.2 9.120 83.18

.1084 .01175 19.3 9.226 85.11

.1072 .01148 19.4 9,333 87.10

p. .



DECIBELS vs. VOLTAGE AND POWER 325

Voltage Power Voltage Power
1 Ratio Ratio -dB+ Ratio Ratio

- .1059 .01122 19.5 9.441 89.13
.1047 .01096 19.6 9.550 91.20
.1035 .01072 19.7 9.661 93.33
.1023 .01047 19.8 9.772 95.50
.1012 .01023 19.9 9.886 97.72

.1000 .01000 20.0 10.000 100.00
10-3 30 103

10-2 I0-4  40 102 104

10-  50l

10-3  10-6 60 103 106
10- 7 70 107

10- 4  10- 8 80 W 108
S10 - 9  90 10'

I_ 10-10 100 1o' 1010

1
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Absorbers, 287, 310, 311 analog circuit, 161
3 bulk, 297 fish, 111

ideal, 311 resonant, 158
Accuracy, 1, 190 water circulation, 111
Acoustic baffles, 163, 287 Bulk
Acoustic center, 26, 119, 120 absorbers, 297
Acoustic compliance, 39, 40, 298 modulus, 312

;,'. Acoustic impedance, 298, 306 Calibration
input of a transmission line, 308 data reduction, 143, 181
specific, 306 formulas, 182

Acoustic reflectors, 287,292 instrumentation, 134
resonant, 293 parameters, 134

Acoustic transmission line, 53, 298, systems, 134
306 Capacitor hydrophone, 56

see also Transmission line Ceramics
Acoustic windows, 287 see Piezoelectric materials
Acoustical intensity, 12 Characteristic impedance, 298,308
Acoustical materials, 287 of water, 2
Admittance of electroacoustic trans- Comparison calibration

ducer, 94 end.of.cable, 19
see also Impedance hydrophones in free field, 18

Analogies, 14,298,299,302 hydrophones in a small chamber, 21
Anechoic coatings, 161, 230, 287,292 projectors, 21, 26
Attenuation constant, 288, 299,303, simultaneous, 20, 21

304, 310 Complex parameters, 298,301
measurement, 305 compliance, 299,301

Baffles, 163, 287 density, 299,301
Bandwidth reflection coefficient, 306

essential, 148 speed of sound, 300
transducer, 228 stiffness, 299, 301
units, 12 wave number, 300

Beam pattern, 6 Compliance, 298, 301
see also Directivity pattern see also Acoustic compliance

Bistatic reflections, 293 Corprene, 290
. Bridge's product theorem, 78 Coupling loss

Bubbles, 41 see Voltage coupling loss

327
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328 INDEX

Crosstalk, 41, 155 measurements, 220
Current scanning technique, 195

units, 12 Dunking machine, 60
measure, 141.. Duty cycle, 152

Data Dynamic range, 7, 99
accuracy, 190 Echo reduction
analysis, 187 bistatic, 293
consistency, 187 measurement, 294
reduction, 181 monostatic, 293

Decibels, 7, 11 theoretical, 293
Density, 12, 298, 301 see also Anechoic coating
Depth Efficiency of a transducer, 7, 12, 96,

effect of rigging error, 121 97, 98,99
facility sites, I 10 Elastic moduli, 31, 298, 312, 313

Diffraction, 291,294, 295 Electrical analogs, 14
constant, 22, 233, 234 of electroacoustic transducer, 93

Diffuse sound sensitivity, 41 Electrical impedance, 7, 12
Directional response pattern, 6 see also Impedance

see also directivity pattern Electrodynamnic transducer
Directivity factor, 41 see Moving-coil transducer
Directivity index, 81 Electrostatic actuator, 69

computation aids, 86, 87 Equivalent circuits, 298
graphs, 84 see also Analogies
measurement, 83 Equivalent noise pressure, 100, 105,
theory and formula, 81,82 251,255

Directivity pattern, 6, 73 Facilities, 113-116
beamwidth, 79, 80 Ferroelectrlc ceramic,
cosine, 273 see Piezoelectric materials
data analysis, 188 Fessenden oscillator, 228
formulas, 72 Filter, 152
graphs, 77, 78 acoustic low-pass, 258
minor lobe level, 79 heterodyne system, 142
nonuniform radiators, 79 ideal band-pass, 104
orientation standard, 175 Fish Interference, 110
product theorem, 78 Free field, 18, 109

Distance between transducers absence of, 20
see Proximity or Separation facilities, 113-116

DRL near field calibration, 193 sites, 109
advantages, 223 site criteria, I 10
computed patterns, 198 Free-field voltage sensitivity, 6
facility, 201 cylindrical-wave reciprocity

I.P frequency range, 223 method, 34
Helmholtz formula, 194,202 diffraction effects, 233
limitations, 222 formulas, 182. 183, 184, 276

'4
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INDEX 329

inertial impedance method, 54 characteristic, 298, 308
low level, 228 circles, 94
near-field method, 220, 221 conversion series-parallel, 91
radiation pressure method, 68 data analysis, 188, 189
reciprocity method, 29, 30 efficiency measurement, 98
self reciprocity method, 32 electrical, 7
two-projector null method, 46 high power, 153, 154

- variable depth method, 60 input of a transmission line, 300,
velocity hydrophone, 73 309
versus frequency, 231 matching, 140

Frequency plane-wave acoustic, 70, 72
units,12 specific, 306,308
side band, 12 spherical-wave, 70

Fresnel zone transducer, 95
see Near-field transfer, 5

Golenkov calibration method, 61 tube, 306
, Harmonic distortion, 153 units, 12

Helmholtz see also Admittance and Acoustic
formula, 194 impedance
resonator, 258 Impulse calibration method, 62

Heterodyne system, 139 Inertial impedance calibration methods,
oscillator, 142 53

Hooke's law, 311 Infrasonic calibration methods, 56
Hydrophone, 5 Insertion loss, 287, 288

capacitor, 56 air baffle, 290
deleterious influences, 20 cork, 289
electronic, 59 corprene, 290
leak resistance effects, 20 function of angle, 292
noise, 251 measuremen t,290
output terminals, 136 sonar dome, 288
pressure-gradient, 69, 274, 279, steel, 289

280 theoretical, 289
recalibration, 20 Insulkrete, 168
standard requirements, 227 Intensity, 12
type F36, F37, and TR-20S/WQM, Interference, 144, 295,296, 297

251 bubble, 158
type H23, 243 elimination, 162
type LC32 and BC32, 245 fish, 111
type M I 5B and DT-99/PQM.A, identification charts, 158

243,253 identification criteria, 157
velocity, 275 identification theory, 155

Impedance, 90 lake bottom, 110
bridge, 56 noise, 111
calibration methods, 47 reciprocity, 164

--



330 INDEX

Interferometer technique, 294, 295 hydrophone, 251
Kirchhoff formula, 194 measurement, 101
Leakage resistance, 64 meter, 104
Level, 9 meter calibration, 103

reference pressure, 13 preamplifier, 255
Linearity, 7, 99, 135, 153 sea, 101
Loss angle, 299, 303, 304 sea state zero, 255

measurement, 305 thermal, 105
Loss factor, 299, 301,304, 310 white, 101

compliance, 301 Null projector, 45
density, 301 Orientation standard, 174
elastic, 301 Phase, 7
measurement, 304 reflection coefficient, 306, 307
stiffness, 301 Piezoelectric materials

Loss parameter, 304 ceramics, 239
Magnetostrictive transducer, 3, 228, 240 costs, 239

equivalent circuit, 230 crystal assembly, 236
magnetic bias, 241 crystals, 3, 235, 236
nonlinearity, 241 d constant, 235, 238, 239
resonance frequencies, 232 electrical impedance, 237
response vs frequency, 231 for high frequencies, 257
ring stack, 240 for projectors, 257
sensitivity vs frequency, 231 g constant, 235, 239
useful frequency range, 232 hydrostatic applications, 235,239

Modulation, 147 resistivity, 238
Monostatic reflections, 293 stability, 240
Moving coil transducer, 45, 55, 228, 241 temperature effects, 238

equivalent circuit, 230 Piezoelectric transducer, 228
pressure compensation, 242 equivalent circuit, 230
resonance frequencies, 232 low-frequency roll-off, 232
response vs frequency, 231, 242 projector design, 253
sensitivity vs frequency, 231 response vs frequency, 231
typical design, 271 sensitivity vs frequency, 231

'useful frequency range, 232 typical hydrophone design, 242
Near field, 26, 65 typical projector design, 259

calibration with reciprocity param- useful frequency range, 232
eters, 200 Pistonphone, 48

criteria, 122 air, 48
reflector, 294 water, 50
see alho DRL near-field calibration water-air, 50

and Trott near-field array Plate modulus;.313
Neper, 299 Poisson's ratio, 312, 313
Noise Power

4 equivalent noise pressure, 255 transducer input, 96

'4



INDEX, 331

transducer output, 97 criteria, 121-133
units, 12 Pulse

Pressure coherent, 149
applied, 21 diffracted, 294
equivalent noise, 100, 105, 25 1, distortion, 149

255 duration, 145, 169
gradients, 21 repetition ratio, 145

- overload, 100 sequence, 145
piston axis, 123 spectrum, 147, 295
plane wave, 299, 300 transients, 145
reference, 9 typical, 146
sensitivity, 21 Pulsing, 142,143
simple source, 256 duty cycle, 152

_ spectrum level, 101 frequency limits, 146
spherical wave, 70 impedance tube, 306
standing wave, 72, 73 measurement of echos, 294
transmission line, 298 system, 139
units, 11 Q, 301

Pressure gradient, 21, 71 cycles in a pulse, 145
Helmholtz formula, 194 system, 145
hydrophone, 69, 274, 297, 280 Radiation pressure, 65
see also Velocity hydrophone calibration method, 66

Pressurephono, 52 Receiving sensitivity, 6
Pressure-release materials, 257 see also Free-field voltage sensi.
Pressure sensitivity, 21 tivity
Product theorem, 78 Reciprocity
Projector, 6 check, 27, 185, 187,221

calibration method, 24 parameters, 27, 28, 34, 36, 38,
doublet, 273 42,43,44, 183, 184,185, 186
for small closed tank, 267 principle, 27
low frequency limit, 228,253 proximity criteria, 122
piezoelectric, 253 Reciprocity calibration, 2, 3
requirements, 227 conventional, 27, 28
response, 256 coupler, 38standard, 25 cylindrical wave, 34

type ES, 266 diffuse sound, 41
type F27,259 general, 43
type F30, 260 In s/tu, 44
type F33, 261 plane-wave, 35
type G23,267 self, 31
type J9, 271 spherical-wave, 27

Propagation constant, 288, 299 two-transducer, 31
Proximity of transducers, 120, 127 tube, 36

charts, 128 Reference pressure, 9 13

iq.
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332 INDEX

Reflection Static calibration methods, 56
bistatic, 293 Steady-state criteria in pulses, 169
coefficient, 306 Stiffness, 298, 301, 311
loss, 288 see also Acoustic compliance
monostatic, 293 Tanks, 166
specular, 293 acoustically transparent, 172

Reflectors, 287, 292 anechoic, 166
resonant, 293, 295 minimum size, 168, 172

. Response size criteria, 171
data analysis, 188 wood, 168
formulas, 182, 183 Temperature
level, 10 gradients, 111, 112
projector low-frequency limit, 228 units, 12
transmitting, 6, 256 Thermoclines, 112
transmitting current, 6, 221, 256 Thevenin acoustical generator, 22
transmitting voltage, 6, 256 Threshold sensitivity, 100

Rigging of transducers, 117 see ahso Equivalent noise pressure
Schloss and Strasberg shaker, 53 Time
Sensitivity constant, 62

data analysis, 188 units, 12
level, 10, 228 Transducer, 5
see also Receiving sensitivity and design for high pressure, 257

Free-field voltage sensitivity diffraction effects, 233
Separation distance loss, 135, 185 doublet (dipole), 273

test of measurement conditions, optimum types, 232
136 orientation standard, 174

see also Proximity positioning, 164
Shear modulus, 313 preparation for test, 111
Signal reciprocal, 273

distortion, 152 rigging, 117
high level, 152 sensitivity and response vs
modulation, 147 frequency, 231
pulse spectrum, 147 se ls Piezoelectric, Magneto.
quasi-steady-state, 153 strictlve, and Moving coll
typical levels, 135 Transfer impedance, 5

Signal-to-noise ratio, 20 Transformers, 140,257
Sims calibrator, 53 TransmIssion line
Sound pressure level, 9 acoustic, 306
Source level, 220 analogies, 299, 302
Specific acoustic Inmiedance, 306 material ap;aysis, 298
Spectrum of a pulse, 147 see also Acoustic transmisvion line

. Speed of sound Transmission loss, 288
- , complex, 300, 310 TransmItting current response, 6,221,

- units, 12 231,256

Z..
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Transmitting voltage response, 6, 232, Units, 11
256 conversion, 186

Trott near-field array, 199 Variable-depth calibration method, 60
advantages, 223 Velocity
calibration measurements, 220 augmentation in spherical wave, 71
design, 205, 214 complex, 300, 310
element design, 218 hydrophone, 69,273, 274, 275p frequency range, 210, 211, 214, hydrophone sensitivity, 276, 277

216,217,218,219,223 particle in a spherical wave, 70
Lake Seneca model, 219 sensitivity, 71
limitations, 222 standing wave, 72, 73
replication of binomial line, 205 units, 12
shading function, 206, 210, 211, Voltage

214 coupling loss, 136, 189
single line, 222 measure, 141
size criteria, 211 response, 25
size of plane-wave region, 209, units, 12

214,216,218,219 Wave number, 288,298, 300
Two-projector null method, 45 Young's modtlus, 312
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